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Abstract 
Recent advancements in molecular biology, genetic modification technology and 
genomics platforms will greatly enhance plant breeding practices for meeting global 
demand for food, feed, fibre, fuel and even biological drugs. Development of such plant 
biotechnology will transform modem agriculture into sustainable, low input, high and 
diverse output businesses. Although the most important cereal crops, including wheat and 
barley, have proven to be transformable, the existing transformation methods are not yet 
efficient to meet the needs for research and product development. This thesis describes 
effort to contribute to wheat and barley transformation method development and 
optimisation by: (1) investing plant regeneration pathways; (2) exploiting new visual 
marker genes as early reporters for screening transformed cells and plants; (3) testing 
Agrobacterium-mediated wheat transformation as an alternative DNA delivery method to 
the current method. 
Understanding of plant regeneration pathway is an intriguing scientific topic in its 
own right. It is also a pre-request for developing an efficient transformation method. The 
wheat regeneration pathway was studied after introducing foreign genes into cultured 
immature zygotic embryos of wheat (Triticum aestivum L.) by microprojectile 
bombardment. Three reporting systems, gusA, ClILc and gfp, were used. The results 
suggested clearly that regenerated wheat plants originated from single cell sources of 
scutellar tissue via a typical somatic embryogenesis. 
New vital visual markers allows for refinement of transformation permutations and 
possibly for replacing negative selectable markers. A synthetic green fluorescent protein 
gene, sgfp (S65T), was used during studies of wheat transformation. Another visual 
marker, the firefly luciferase gene, luc, was used during studies of barley (Hordeum 
vulgare L.) transformation, together with a selectable marker, the bar gene, and a target, 
the dapA gene. The expression of the sgfp (S65T) gene in regenerating cultures was 
followed using epifluorescence microscopy. Green fluorescence was detected within 
multicellular structures as early as 12 days after microprojectile bombardment. The 
sequential epifluorescent screens allowed detection of the GFP signal within early 
embryogenic structures without the aid of a selectable marker; thus, this gene can be used 
as an independent co-transformation marker. 
- 1ll -
The visual marker ClILe genes were also used to study if wheat scutellum-derived 
callus is susceptible to Agrobaeterium-mediated transformation. The result of red 
pigmentation in the target cells, as a consequence of expressing the Cl/Le genes 
transiently following the inoculation, clearly suggests that the wheat cells are 
transformable by Agrobaeterium. 
From this study, we would like to suggest that: 1) single cell origin of somatic 
embryogenesis in wheat means that DNA delivery at the right target tissue and at the right 
time is the key to obtain non-chimeric transgenic plants; 2) visual markers are not only 
tools for optimising transformation conditions, but also can be used as screening markers 
for wheat and barley transformation when the DNA delivery is efficient; 3) wheat cells are 
clearly susceptible to Agrobaeterium-mediated DNA delivery, from the study of 1), it is 
important to develop conditions that allow for Agrobaeterium to target those single 
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Chapter I: Introduction 
1.1 Wheat and barley - the economic importance 
Wheat and barley are major cereal crops which are of great economic importance as food 
and feed for the world. According to the Food and Agriculture Organization of the United 
Nations (FAO), in 2004, world cereal production was 2,252 million tonnes, 27.7% (624 
million tonnes) was from wheat and 6.9% (155 million tonnes) was from barley (FAO 
2005) (see Table 1-1 for more data). Wheat and barley products take up a substantial part 
of the world agriculture and the food trade market. In 2003, the world wheat flour exports 
trade was 8.7 million tonnes with trading values of 2,006 million US dollars, and beer of 
barley exports trade was 8.3 million tonnes, with trading values of 6,696 million US 
dollars (FAO 2005) (see Table 1-2 for more data). 
Despite continuous growth of the world economy and availability of food for 
export by the industrial nations, the food security situation of the developing world has 
shown little improvement in recent years (FAO 2001). Several countries continue to face 
food shortages, and some 60 million people in 36 countries are facing food emergencies 
(FAO, 2001). According to The millennium development goals report 2005 (UN Report 
2005, link http://www.fao.orgles/ess/faostatlfoodsecurity/indexen.htm). there were 815 
million hungry people in the developing world in 2002 - 9 million less than in 1990. Yet 
in the worst-affected regions - sub-Saharan Africa and Southern Asia - the number of 
hungry people has increased by tens of millions. Growing populations and poor 
agricultural productivity have been the main reasons for food shortages in these regions. 
For young children, the lack of food can be perilous since it retards their physical and 
mental development and threatens their very survival. More than a quarter of children 
under age 5 in developing countries are malnourished (UN Report 2005). 
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(million tonnes) I 1970 r - I 12000 I 2004 1980 1990 1995 
I Cereals, Total r 1,193 1,550 I 1,952 I 1,897 I 2,060 I 2,252 
I Wheat I 311 440 I 592 I 543 I 585 I 624 
I 
- , 
r Barley 119 157 ]78 I 141 I 133 r 155 
Note: 
Data source from © FAO 2005 . 
At FAO homepage www.fao.org click Statistical Databases, and then click FAOSTAT-
Agriculture, and then Crops Primary. Or search the Agricultural Production by go to the 
link: 
http://faostat.fao.org/faostat/form ?collection=Production.Crops. Primary&Domain=Produc 
tion&serv let= 1 &hasbulk=& version=ex t&language=EN 
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Table 1-2 World trade in wheat and barley products: flour of wheat and beer of barley 
World Exports Trade - --- - - -- --,-- - Yea; - ----
r 1980 [ 1990 [1995 12000 12003 
Flour of Wheat rQuantity(milliontonnes) 1 6.8 1 6.9 f 10.5 19".0 1- 8.7 
rValue (million $) 1 1,930-, 1,763 f2,73-5 11,780 [2,006 
~B-ee-r-o-f B- a- r-Ie-y--,r-Q-u-an-ti-ty- (-m-i I-I i-on- t-o-nn-e-s)--i 2.2 1 3.8 16.416.218.3 
IValue (million $) 1 1,136 1 2,714 ~,734 14,812 16 ,696 
Note: 
Data source from © FAO 2005. 
At FAO homepage www.fao.org click Statistical Databases, and then click FAOSTAT-
Agriculture, and then Crops & Livestock Primary & Processed. Or search the Agriculture 




Chapter 1: Introduction 
Production of new wheat and barley varieties with higher yields and better grain 
quality is necessary to meet the world's increasing demand for food and feed products. 
There are two main factors affecting overall yield increases: the potential of individual 
varieties to deliver higher yields and the resistance characteristics that reduce the losses 
caused by unfavourable factors, such as drought, pests, diseases and weeds (Day and 
Lupton, 1987). The increases of wheat yields in the last decades can be attributed to better 
husbandry, and in particular to more-efficient control of pests, diseases and weeds, but it 
has been estimated that at least half of the increase is due to the introduction of new 
varieties (Day and Lupton, 1987). 
Wheat is processed into many different manufactured products, such as leavened 
bread, cakes, biscuits and breakfast cereals, many of which require different characteristics 
of the grains. Barley is the most important raw material for brewing industry. Wheat and 
barley are also important component of many animal feed stocks. Different types of wheat 
and barley grain qualities are desired to meet the needs of different use purposes 
(Blackman and Payne, 1987). For example, wheat flour quality can be improved by 
introducing the genes for novel proteins, such as glutenin from wild species of Triticum 
and Aegilops, into wheat (Gale and Miller, 1987). 
1. 2 Cereal breeding and improvement 
The overall aim of cereal breeding is to produce higher yielding varieties with better 
quality, allied to durable disease and pest resistance, better environmental adaptation, and 
greater stress tolerance. Most conventional breeding programmes are based on variations 
of the pedigree system of selection (Day and Lupton, 1987). More recently, transgenic 
technology has been developed, adding a new tool for crop improvement. 
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1.2.1 Conventional breeding 
Conventionally, improved varieties of wheat and barley have been obtained by crossing 
parent plants, each of which has some of the desired traits, and selecting from the progeny 
those individuals which show the desired combination of traits. Many breeding techniques. 
such as intraspecific and entrageneric crossing back-crossing, self-pollination, embryo 
rescuer, radiation breeding, chromosome doubling etc., have been developed (Goodman et 
at 1987). Furthermore, novel breeding lines have been established such as monosomic and 
additional lines in wheat and barley (Law et at 1987), male sterility systems in maize 
(Kaul 1988) and photosensitive sterility systems in rice (Shi and Deng 1986). All of these 
achievements have allowed breeders and plant scientists to understand better about the 
genetics of trait inheritance, chromosome organisation and the location of important gene 
alleles on chromosome in crop plants (Flavell et at 1987). 
Over the past seven decades, conventional breeding has produced a vast number of 
varieties and hybrids that have contributed immensely to higher grain yield, stability of 
harvests, and farm income. There have been important improvements in resistance to 
diseases and insects, and in tolerance to a range of abiotic stresses, especially soil toxicity. 
World wheat grain yields increased substantially in the 1960s and 1970s (refer Table 1-1) 
because of the introduction of semi-dwarf varieties and farmers' rapidly adoption of new 
cultivation methods. This period of success has been widely held as "Green Revolution" 
(Conway, 1997). However, there are limitations resulting from the inbreeding method. 
Genetic erosion, which involves the gradual narrowing of genetic diversity in inbred in 
cultivated varieties, seriously limits further improvement of yield and quality (Gale and 
Miller, 1987). To overcome this problem, wild relatives of cultivated wheat and barley are 
identified as important sources of genetic variation for wheat and barley breeding 
programmes. 
6 
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For wheat improvement, the successful transfer of useful genes from alien species 
requires that the target genes or a segment of chromosome carrying them can be 
incorporated into the wheat chromosomes by recombination or translocation (for review 
see Jiang et al., 1994). The general procedure to achieve this goal is to produce, first, F I 
hybrids between wheat and alien species, then stable amphiploids followed by wheat-alien 
chromosome addition and substitution lines, and finally wheat-alien chromosome 
translocations, which are induced by exploiting homologous chromosome pairing (Riley et 
al., 1968; Sears, 1981), ionizing irradiation (Sears, 1956), or tissue culture (Lapitan et al., 
1984). An alternative approach, using anther culture techniques, has been proposed (Hu et 
al., 1988). Alien addition and substitution lines, sometimes even addition lines can be 
obtained directly by culturing the anthers ofwheatlalien hybrids (Wang and Hu, 1985; Tao 
and Hu, 1989; Wang et al., 1996). 
In spite of the impressive achievements, cereal improvement by crossbreeding has 
its limitations. Only traits present in related species can be combined. Crosses between 
distantly or unrelated species yield sterile plants or no progeny at all. Furthermore, during 
crossbreeding all the traits, good and bad, of both partners are recombined. These results 
in progeny which have the desired traits combined with a number of unwanted ones. Thus, 
a time consuming backcrossing programme, in most cases eight to twelve generations, is 
necessary to eliminate the unwanted traits. Moreover it is sometimes not possible to 
completely remove the unwanted traits (BIOTOL 1991). 
1.2.2 Crop biotechnology 
Conventional breeding continues to be an essential method for crop improvement. 
Biotechnology has emerged during recent decades to provide an additional approach to 
plant improvement (BIOTOL 1991). Tissue culture techniques combined with 
recombinant DNA technology make it possible to add isolated genes for desired traits into 
7 
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existing elite plant varieties. Because these techniques are not based on the usual sexual 
process in which all genes are recombined, time spent on backcrossing can be reduced 
(BIOTOL 1991). Thus the breeding procedure is accelerated. Also, the pool for candidate 
genes is broadened, genes from unrelated species/organism may be used, though with care 
and after necessary modification, for improvement of crop plants. 
In the early 1980s, the first transgenic plants expressing foreign genes were 
successfully produced (Horsch et al., 1984; De Block et al., 1984). This marked the start 
of exploitation of biotechnology for crop enhancement and protection. Since then, a wide 
range of species, including many agronomically important crops, have been transformed. 
Transgenic plants with desirable resistance properties and quality traits have been 
produced (see Dale et al., 1993 for a review). Biotechnology has great potential for 
improving wheat quality (Shewry et al., 1995). Genes encoding novel high molecular 
weight (HMW) glutenin subunits, important determinants of the bread-making quality of 
wheat flour, have been transformed into wheat, demonstrating that genetic engineering can 
improve the functional properties of wheat (Blechl and Anderson, 1996; Barro et al., 
1997). 
Until recently, it has been generally assumed that increases in yield potential in 
plants are controlled by a large number of genes, each with small additive effects. 
However, the work of recent years shows that there may also be a few "master genes" that 
affect the interaction, either directly or indirectly, of several physiological processes that 
influence yield (Borlaug, 1997). It now appears that the dwarfing genes, Rht 1 and Rht2 , 
used to develop the high-yielding Mexican wheats that launched the Green Revolution, 
also acted as "master genes". At the same time they reduced plant height and improved 
resistance to lodging, they also increased tillering and the number of fertile florets and the 
number of grains per spike (Borlaug, 1997). These wheats are short because they respond 
8 
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atypically to the plant growth hormone gibberellin (Peng JR, et al., 1999). Biotechnology 
may be a new window through which to search for new "master genes" for high yield 
potential by eliminating the confounding effects of other genes (Borlaug, 1997). 
Commercially, crop biotechnology has made huge impact on global agriculture. In 
2003, seven million farmers in 18 countries had grown biotech crops (CropBiotech Net 
2004). Biotech crops acreage in 2004 had reached over 180 million acres, including over 
100 million acres of the Roundup Ready Soy bean, 40 million acres of biotech corn (Bt 
and Roundup Ready), 25 million acres of biotech cotton (Bt and Roundup Ready) and 15 
million acres of Oil Seed Rape (Roundup Ready) (CropBiotech Net 2004). In the largest 
biotech crop growth country, US, application of crop biotechnology has already brought 
immense benefits to farmers, environment and society in general. Growth of the four 
biotech crops (mentioned above) in US has meant a yearly 46 million pounds less 
application of pesticides and herbicides, 4 billion pounds of food, feed and fibre 
production and over $l.5 billion of economic returns (Gianessi et aI2002). Undoubtedly, 
biotech crops is playing an increasingly important role in addressing the world's food 
security issues, particularly in the developing countries. 
1.3 Plant transformation 
Many problems of basic and applied aspects in plant biology can be approached by the 
exploitation of transformation techniques. In general, there are two approaches for plant 
transformation: Agrobacterium-mediated gene transfer and direct gene delivery. The 
Agrobacterium-mediated transformation system is a natural DNA delivery system, which 
has been very successful for introducing foreign DNA into dicotyledonous plants. 
However this system has not worked well for most monocotyledonous species. Therefore 
direct gene delivery systems have been developed. In fact all of the world's most 
important cereal crops including maize, rice, barley and wheat were first transformed in 
9 
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this way. This situation has changed in recent years after many years of determined efforts 
in many laboratories world-wide, and the successful use of Agrobacterium have been 
reported in rice, maize, wheat and barley (see the references below). 
1.3.1 Agrobacterium-mediated gene transfer 
Agrobacterium tumefaciens is a soil bacterium that contains a tumour-inducing 
plasmid (pTi). Ti plasmids are large, circular double-stranded DNA molecules of about 
200 kb. They exist in Agrobacterium cells as independently replicating genetic units. A. 
tumefaciens can infect plant cells, causing a crown gall or tumour at or close to the 
infection site. The tumorous transformation of plants by Agrobacterium results from the 
stimulation of plant cell division by gene products encoded by a segment of DNA (T-
DNA) transferred from the bacterium to the plant (reviewed by Zupan and Zambryski, 
1995; Tinland, 1996; Zupan et al., 2000). The T -DNA genes of Agrobacterium 
tumefaciens encode enzymes for auxin and cytokinin biosynthesis, and they are 
responsible for the tumour phenotype (Akiyoshi et al., 1984; Barry et al., 1984; Buchmann 
et al., 1985; Inze et al., 1984; Schroder et al., 1984; Thomashow et al. 1984). The T-DNA 
is delimited by 25-bp imperfect repeats (known as the right and left borders, RB and LB, 
respectively) that flank the T-DNA (Wang et al., 1984; Sheng and Citovsky, 1996; 
Tinland, 1996). Any DNA between these borders will be transferred to a plant cell. Fig 1-
1 shows a schematic diagram of the T -DNA transfer from Agrobacterium to the plant 
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Fig 1-1 A schematic diagram depicting the cascade of events leading to T-DNA transfer 
from Agrobacterium to the plant genome. Steps 1 through 9 indicate sequential processes 
that occur during infection of a plant cell with Agrobacteriurn. Step 1, binding of 
Agrobacterium to the host cell surface receptors; step 2, direct or indirect mode of 
recognition of plant signal molecules by the bacterial Vir ANirG two-component 
sensortransducer system; step 3, induction of bacterial vir genes situated on the Ti 
plasmid; step 4, generation of the T-strand; step 5, formation of the Tcomplex and its 
transport into the host plant cell through the T-pilus; step 6, recognition and interaction of 
T-complex with host cell cytoplasmic proteins; step 7, nuclear transport of T-complex; 
step 8, T-DNA integration and opine secretion; and step 9, activation of bacterial opine 
catabolism genes and Ti plasmid conjugal transfer genes. acvB, aft, chvA, chvB, chvE, 
chvG, chvl and exoC are the chromosome-encoded virulence genes. '7' Indicates that 
precise steps are yet to be established. PlO, P21 and PBP are chromosome-encoded 
putative phenol-binding proteins. OM, outer membrane; PP, periplasm; IM, inner 
membrane. Broken lines denote peptidoglycan cell wall. Figure and legend adopted from 
Veluthambi et al. (2003) 
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The processing and transferring of the T-DNA is mediated by products encoded by 
the vir (virulence) region which contains at least seven open reading frames (Stachel and 
Nester, 1986). Those vir genes are tightly regulated such that the expression of the genes 
only occurs in the presence of wounded plant cells, the targets of infection. Low molecular 
mass phenolic compounds (e.g. acetosyringone) are released upon wounding of plant 
tissue (Stachel et al., 1986). These compounds induce the VirA protein, which activates 
the VirG protein (Stachel and Zambryski, 1986). Activated VirG stimulates the expression 
of the vir region, which encodes different Vir proteins involved in the transfer process 
(reviewed in Zupan et al. 2000). Transfer ofT-DNA begins with a nick in the DNA strand 
in the RB, then a nick occurs at the LB producing a single-stranded T-DNA (Stachel et al., 
1986b; Wang et al., 1987). 
The T-DNA transfer process can be divided into a bacterial step and a plant cell 
step (Zupan and Zambrysly, 1995; Tinland B, 1996). The bacterial step includes all the 
events leading to the production and export of a functional vector containing the genetic 
information of the T-DNA (the T-complex) (reviewed in Christie, 1997; Sheng and 
Citovsky, 1996). The plant cell step includes those events occurring within the plant cell 
up to the point of the integration of bacterial DNA into the nuclear genome (reviewed in 
Tinland, 1996; Zupan et al. 2000). The T -complex is composed of nucleoprotein (Howard 
and Citovsky, 1990). It is basically made up of a single-stranded T-DNA molecule 
(Tinland et al., 1994; Yusibov et al., 1994) associated with at least two types of virulence 
protein - VirD2 and VirE2. The VirD2 and VirD I proteins excise the single-stranded T-
DNA from the Ti plasmid. The VirD2 protein is a site-specific endonuclease, which 
recognises and cuts the T-DNA borders (Filichkin and Gelvin, 1993). Upon cutting, VirD2 
attaches itself covalently by a phosphotyrosine bound to the 5' -end of the single-stranded 
T-DNA transferred to the plant cell. The VirE2 protein binds to single-stranded DNA, 
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and thus it coats the single-stranded T-DNA, protecting it against nuc1eases in the plant 
cell (Rossi et al., 1996). Both the VirD2 and VirE2 proteins are believed to target the T-
DNA to the plant cell nucleus (Citovsky and Zambryski, 1993), where it is integrated into 
the plant genome. A vir-specific apparatus, the T-complex transporter (T-transporter), 
mediates transfer of the T -complex from the bacterium to the plant cell. It is assembled 
from 11 proteins encoded by the virB operon, and VirD4 (reviewed by Zupan et al., 1998; 
Zupan et al., 2000). The T-transporter facilitates transfer of the T-complex to the plant. It 
can also transfer proteins, such as VirE2 and VirF, to plant cells (reviewed in Christie, 
1997; Zupan et al., 1998). Inside the plant cell, the T -complex is imported into the nucleus 
where the T -strand becomes stably integrated into a plant chromosome (reviewed in Sheng 
and Citovsky, 1996; Zupan et al., 2000). Genetically, VirD2 is required for nuclear 
targeting and faithful integration of the 5' end and VirE2 for the 3' end of the T-strand 
(Zupan and Zambryski, 1997). 
The Agrobacterium's mechanism for T-DNA delivery into plant cells is reasonably 
well understood. However, not much is known about the role of plant factors in T-DNA 
transfer and integration within the plant cell. There are several steps in which plant genes 
are likely to be involved in the Agrobacterium-mediated transformation process (Mysore 
et al., 2000). First, plant-encoded factors could be involved in the initial step of bacterial 
attachment to the plant cell surface. The next step is the transfer of aT-strand from the 
bacterium to the plant cells across the plant cell wall and membrane. Once the T-DNA IT-
complex enters the cytoplasm of the plant cell, plant factors are required to transport the 
T-complex to the nucleus. Ballas and Citovsky (1997) showed that a plant karyopherin a 
(AtKAP a ) can interact with VirD2 nuclear localization sequences (NLS) in a yeast two-
hybrid interaction system and presumably is involved in nuclear translocation of the T-
complex. Other evidence for the involvement of plant factors in T -DNA transfer and 
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integration comes form the identification of several ecotypes and mutants of Arabidopsis 
that are resistant to Agrobacterium transformation (Mysore et al., 2000). They reported the 
characterization of a T-DNA tagged Arabidopsis mutant, rat5 (resistant to dgrobacterium 
lransformation), that is recalcitrant to Agrobacterium root transformation. They showed 
that in rat5 a histone H2A gene is disrupted, and the T-DNA integration step of 
transformation is blocked in the rat5 mutant. Overexpression of RA T5 in wild-type plants 
increased Agrobacterium transformation efficiency. They hypothesize that histone H2A 
(RAT5) plays an important role in the integration ofT-DNA into the plant genome. 
Scientists "disarm" the Ti plasmid by eliminating the crown gall disease-causing 
genes from the T-DNA while leaving the DNA transfer mechanism intact. The two main 
components for successful Agrobacterium-mediated gene transfer, the T -DNA and the vir 
region, can reside on separated plasmids. These form the basis of modern Ti plasmid 
vectors, termed binary Ti vectors (Hoekema et al., 1983; Bevan 1984). The vir gene 
functions are provided by the disarmed Ti plasmids resident in the Agrobacterium strain. 
The T-DNA, within which are the genes to be transferred, is provided in the vector. The 
genes of interest, together with a selectable marker, are inserted in the binary vector T-
DNA region so that these foreign genes can be transferred into the plant genome (Stachel 
et al., 1985). The development of the leaf disk technique (Horsch et al., 1985) provided a 
simple but very efficient method for Agrobacterium-mediated gene transfer. 
1.3.2 Direct gene transfer 
All of the world's most important cereal crops: maize, rice, barley and wheat, were first 
transformed by direct gene transfer - the exploitation of a physical means of DNA 
delivery into plant cells rather than a biological approach. 
Direct gene transfer systems such as electroporation (Fromm et al., 1986), direct 
DNA uptake (Lorz et al., 1985), liposome fusion (Fraley et al., 1982), and microinjection 
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(Crossway et al., 1985) generally require the enzymatic removal of cell walls. Rice was 
the first major cereal crop to be transformed after direct gene transfer into regenerable 
protoplasts (Toriyama et al., 1988; Zhang et al., 1988; Zhang and Wu, 1988; Shimamoto 
et af., 1989; Datta et af., 1990), and maize followed (Rhodes et af., 1988). However, this 
approach relies heavily upon the establishment of regenerable cell suspension cultures, 
which is highly empirical, genotype-dependent and time-consuming (Vasil et al., 1990). In 
contrast, intact plant cells in suitable tissue/organ types can regenerate into whole plants 
more readily in cereals and grasses (Vasil et al 1982). Therefore, a simpler tissue culture 
system using intact immature embryos or young inflorescences as the target tissue was 
used for successful transformation. Transgenic plants have been produced by using 
immature embryos as target tissues and electroporation for DNA delivery (D'Halluin et 
al., 1992; Ke et al., 1997; He et al., 1998; Barro et al., 1999; Sorokin et al., 2000). 
The invention of the "particle gun" has provided another powerful tool for cereal 
transformation (Klein et al., 1987; Klein et al., 1988). It can efficiently deliver DNA 
directly into intact cells and tissues possessing the potential for regeneration into whole 
plants. DNA is delivered to plant cells in association with microscopic metal particles, 
called microcarriers. Both tungsten particles and gold particles are used as microcarriers of 
DNA. Transgenic maize (Fromm et al., 1990; Gordon-Kamm et al., 1990), rice (Christou 
et al., 1991; Cao et af., 1992), barley (Wan and Lemaux, 1994), and wheat (Vasil et al., 
1992; Weeks et al., 1993; Vasil et af., 1993; Nehra et al., 1994; Becker et af., 1994) were 
produced this way. So far, this method has proven to be the most robust method for 
transformation of cereals. There are some other methods such as pollen tube. 
microinjection and viral vector (agroinfection), but they are not reproducible (reviewed in 
Ingram et al., 2001). 
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1.3.3 Cereal transformation systems 
To date, particle bombardment is still the most successful method for wheat and barley 
transformation. Target genes and selectable markers/reporters can be put in different 
plasmid constructs and co-transformed into plants. The frequencies of co-transformation 
are usually very high. 
Agrobacterium-mediated wheat and barley transformation systems have been 
recently developed as an attractive alternative method for genetic transformation of wheat 
and barley (Cheng et al., 1997; Tingay et al., 1997; Guo et al., 1998; Wu et at., 1998; 
Weir et al., 2001). There are also a few reports of wheat transformation using other DNA 
delivery methods, such as electroporation (Ke at al., 1997; Sorokin et al., 2000) and 
silicon carbide fibres (Serik et aI., 1996). 
Agrobacterium-mediated gene transfer has several advantages over direct gene 
delivery. It can transfer relatively large segments of DNA with little rearrangement, and 
insert the segments into the recipient genome at a fairly low copy number (Tinland, 1996). 
Although monocotyledons are not the natural hosts of Agrobacterium tumefaciens, 
extensive efforts have been undertaken to investigate the potential for transformation of 
monocotyledons, especially cereals, via A. tumefaciens. In nature, dicotyledonous plant 
cells become susceptible to Agrobacterium when they are wounded. These wounded plant 
cells produce abundant signal molecules such as acetosyringone (AS) and 
hydroxyacetosyringone (OH-AS) which activate T-DNA transfer from A. tumefaciens 
(Stachel et al., 1985). Therefore acetosyringone (AS), or a cell suspension culture from 
plants susceptible to Agrobacterium, is usually added as a supplement to the inoculation 
and co-cultivation media in Agrobacterium-mediated cereal transformation experiments to 
increase the chance of success (Chan et al., 1993; Hiei et al., 1994). 
In recent years, significant progress has been made in Agrobacterium-mediated 
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cereal transformation. Chan et al. (1993) first reported the production of transgenic rice 
plants by inoculating immature embryos with an A. tumefaciens strain, and they found that 
co-incubation of a potato suspension culture (PSC) with the Agrobacterium inoculum 
significantly improved the transformation efficiency of rice. Hiei et al. (1994) obtained a 
large number of transgenic rice plants by Agrobacterium-mediated transformation. The 
results from Hiei et at. (1994) show that the addition of acetosyringone to the co-
cultivation medium is essential. The use of 'super-virulent' Agrobacterium strains, the 
development of 'super-binary' vectors also facilitate the process (Hiei et al., 1994). A28l 
is a so-called 'super-virulent' strain of A. tumefaciens, because it carries a "super-virulent" 
Ti plasmid, pTiB0542, and its host range is wider and transformation efficiency is higher 
than those of other strains (lin et al., 1987; Komari, 1989). Since strains that carried 
pTiB0542 operate very efficiently in transformation, two new types of system based on 
pTiBo542 have been developed (Hiei et al., 1994). The first involves strain EHA 101 
(Hood et al., 1986), which carries a 'dis-armed' version of pTiB0542, and this strain has 
been popular in trials aimed at transformation of monocotyledons. The second involves 
what is known as a 'super-binary' vector in which a DNA fragment from the virulence 
region of pTiB0542 is introduced into a small, T -DNA-carrying plasmid (Komari, 1990) 
used in a binary vector system. 
To date, successful Agrobacterium-mediated gene transformation has been 
reported in major cereal crops including rice (Chan et al., 1993; Hiei et al., 1994; Dong et 
al., 1996; Zhang et al., 1997), maize (lshida et al., 1996), barley (Tingay et al., 1997; Wu 
et al., 1998) and wheat (Cheng et al., 1997; Pukhalskii et al., 1996; Weir et al., 2001). 
However, only rice transformation by this approach has become routine, allowing 
application in both gene testing and crop improvement. In wheat and barley, confirmation 
of the initial successes is still awaited. 
17 
Chapter 1: Introduction 
1.4 Current status of wheat and barley transformation 
Although wheat and barley were the last of the economically important cereals to be 
transformed (Vasil et al., 1992; Wan and Lemaux, 1994), the subsequent progress of 
wheat and barley transformation has been remarkable. Transgenic wheat and barley plants 
have been produced in a number of laboratories (Weeks et al., 1993; Vasil et al., 1993; 
Nehra et al., 1994; Becker et al., 1994; Wan and Lemaux, 1994; Blechl and Anderson, 
1996; Barro et al., 1997; Tingay et al., 1997; Cheng et al., 1997; Stoger et al., 1998; Chen 
et al., 1998; Bliffeld et al., 1999). The research emphasis has been shifted from 
transformation methodology towards its application. Now it is possible to transfer 
economically important traits into commercial varieties. 
1.4.1 Donor plants and tissue cultures 
Genotypes 
In most experiments the cultivars used for transformation were limited to "model" plants, 
which respond well to tissue culture in vitro, rather than varieties of agronomic 
importance. Cereal tissue culture response is highly genotype dependent. Takumi and 
Shimada (1997) examined the culture response of immature embryos in vitro and 
production of transgenic plants of six common wheat cultivars. They found that the 
frequency of stable transformation varied with the genotype; this was due to the difference 
in the culture response of the genotype in vitro, rather than the efficiency of the 
introduction of the transgene into wheat cells by particle bombardment. Therefore, 
potential commercial cultivars for transformation can be identified by screening genotypes 
with a high regeneration capability (Machii et al., 1998; Iser et al., 1999). 
Explants 
Among the successful transformation protocols, the target tissues are usually fresh 
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immature zygotic embryos, precultured immature embryos, immature embryo-derived 
embryogenic calli, or microspores. Isolated scutella from immature embryos of wheat and 
barley are commonly used as targets for genetic transformation. Barro et af. (1999) 
compared the frequencies of regeneration from immature inflorescences and immature 
scutella of elite cultivars of wheat, barley and Tritordeum. They found, in wheat, that 
shoot regeneration from scutella was markedly higher than from inflorescences. 
Recently, Pasternak et al. (1999) reported a new approach to obtaining 
embryogenic callus and regenerated plants. They established a reproducible culture system 
for embryogenic callus formation and plant regeneration from leaf base segments of 
barley. They found that a high zinc level in the medium used for germination of the donor 
seed resulted in an extension of the basal leaf sector from which callus was formed. Since 
multiple plants can be regenerated by culture of leaf segments derived from seedlings 
grown in vitro, there is no need to produce donor plants in the greenhouse. 
Another potential target for cereal transformation is the flower pistil. Pukhalskii et 
al. (1996) produced transgenic wheat plants by applying Agrobacterium cells to flower 
pistils after artificial pollination and the transformation frequency was at least 2.7%. Ye et 
al. (1999) demonstrated that when using Agrobacterium to transform Arabidopsis floral 
organs (in planta transformation), ovules were targets for receiving T -DNA .. 
Tissue cultures 
In most protocols, callus induction media are similar, especially with regard to the plant 
growth regulators. In wheat, for example, 2,4-dichlorophenoxyacetic acid (2,4-D) is 
commonly used for callus induction. Barro et al. (1998) compared the effects of different 
auxin regimes, picloram and 2,4-D, in a population of transgenic wheat and tritordeum 
lines. They found that the presence of picloram results in higher transformation 
efficiencies than the presence of2,4-D. 
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It has been reported that the immature embryos from plants that had been 
regenerated via tissue culture procedures, respond well to procedures for callus formation 
and plant regeneration (Harvey et al., 1999). There is a lack of detailed understanding of 
the regeneration pathway in cereals, particularly how and where the somatic embryos are 
formed. A better understanding of this part of the method will enhance further the 
efficiency of the transformation procedures. 
1.4.2 Genes involved in wheat and barley transformation 
Reporter genes 
Plasmid constructs for wheat and barley transformation usually contain the reporter (3-
glucuronidase gene (gusA) as a reporter. The expression of the gusA gene can be analyzed 
histochemically using 5-bromo-4-chloro-3-indolyl glucuronide (X-GLUC) (Jefferson et 
al., 1987). Gene delivery systems can be assessed and optimised by analyzing GUS 
activity. Other reporter genes such as chloramphenicol acetyltransferase (CAT), neomycin 
phosphotransferase 11 (NPTII) have also been used for gene expression (Topfer et al., 
1988). However the assays of enzymatic activities of CAT, NPTn and GUS are 
destructive, therefore they cannot be used to monitor gene expression in vivo. 
Recently, several visual reporter genes have been tested and applied in plant 
transformation. These visual reporters include anthocyanin regulatory genes (Ludwig et 
al., 1989, in maize; Goff et al., 1990, in maize; Bower et al., 1996, in sugarcane; 
McCormac et al., 1998a, in wheat and barley; Wu et al., 1998, in barley; Chawla et al., 
1999, in wheat); the firefly luciferase gene (Ow et al., 1986; Lonsdale et al., 1998a, in 
wheat and maize, Lonsdale et al., 1998b, in wheat; Mudge and Birch, 1998, in tobacco; 
Baruah Wolff et al., 1999, in rice); and the jellyfish green fluorescent protein gene (Chiu 
et al., 1996; Reichel et al., 1996; Pang et al., 1996; Jordon, 2000; Weir et al., 2001). The 
green fluorescent protein (GFP) gene can be used as a non-destructive reporter and is 
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suitable for monitoring gene expression in vivo. There are several versions of gfjJ with 
improved expression. The gjp gene is now widely used in plant transformation as a vital 
screenable and selectable marker, and it has been transformed into cells/plants of all major 
cereal crops including maize (Chiu et al., 1996; Pang et al., 1996; van der Geest and 
Petolino, 1998; Elliott et al., 1999); rice (Nagatani et al., 1997; Vain et al., 1998; Xu et al., 
1998; Jang et al., 1999); oat (Kaeppler et al., 2000); barley (McCormac et al., 1998a; 
Ahlandsberg et al., 1999) and wheat (Pang et al., 1996; McCormac et al., 1998a; Jordan, 
2000; Weir et a/., 2001). The non-destructive exploitation of visual markers, such as gfjJ 
and /uc, forms part of a strategy for using them to study the regeneration pathway to 
production of transgenic plants without using the conventional selectable markers. 
Selectable markers 
Primary screens for transformed plants have almost exclusively relied upon 
antibioticlherbicide-based selection. Commonly used selectable markers include the 
phosphinothricin acetyltransferase gene (bar), the neomycin phosphotransferase 11 gene 
(nptJl) and the hygromycin phosphotransferase gene (hpt), which allow the transformants 
to survive under herbicide or antibiotic selection. The most widely used selectable marker 
is the bar gene which facilitates selection with bialaphos or phosphinothricin (PPT). PPT, 
the active component of the herbicides Basta and Challenge, is a strong inhibitor of 
glutamine synthetase (Thompson et al., 1987). PPT is commonly used in wheat 
transformation, and bialaphos is used to select transgenic barley plants. Altpeter et al. 
(1996b) found that bialaphos is more efficient than PPT in wheat transformation. 
Witrzens et al. (1998) compared three selectable markers (bar, aphA and hpt) in 
wheat. Transformed plants were recovered using the bar gene in combination with 
bialaphos, and the aphA (neomycin phosphotransferase) gene in combination with 
genetic in or paromomycin; but no transgenic material was obtained with the hpt 
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(hygromycin phosphotransferase ) gene and hygromycin B. On the contrary, Ortiz et al. 
(1996) claimed the hygromycin resistance gene was an efficient selectable marker for 
wheat transformation, and they concluded that the hpt gene was as good as or a better than 
the bar gene. 
The use of antibiotic resistance genes as markers for the selection of transgenic 
crops has resulted in the particular concern that these genes may be transferred into 
pathogenic bacteria. While these concerns are unlikely to be justified, it's necessary to 
develop more benign markers for transformation. Recently, a new selectable marker 
system, the MAT (Multi-Auto-Transformation) vector system, for plant transformation has 
been developed (Ebinuma et aI., 1997; Ebinuma et al., 2001). The system is distinctive in 
its combination of the ipt gene and removable elements which remove the introduced ipt 
gene from plant cells. Two kinds of MAT vectors have been reported: (1) the ipt-type 
MAT vector, in which the isopentenyl transferase (ipt) gene of A. tumefaciens P022 is 
used as a selectable marker for regenerating transgenic cells and selecting marker-free 
transgenic plants; (2) the rol-type MAT vector, in which the 7.6-kb EeoRI fragment 
containing the rol A, B. C genes of A. rhizogenes NIAES 1724 is used (reviewed in 
Ebinuma et al., 1997; Ebinuma et al., 2001). The ipt gene codes for the isopentenyl 
transferase that catalyses cytokinin synthesis and causes the proliferation of transgenic 
cells and the differentiation of adventitious shoots. The rol genes are responsible for the 
proliferation of 'hairy roots' by increasing auxin sensitivity. In the MAT vectors, the 
chimeric ipt gene or the rol genes are combined with the maize transposable Ac element or 
the site-specific recombination RIRS system to remove them from the transgenic cells 
after transformation (Ebinuma et al., 2001). 
Wright et al. (2001) reported the use of the phosphomannose isomerase gene, pm;, 
as a selectable marker for the transformation of maize and wheat. The selectable marker 
22 
Chapter 1: Introduction 
consists of the manA gene from Escherichia coli that encodes phosphomannose isomerase, 
pmi, under the control of a plant promoter. Only the transgenic plants were able to 
metabolise the selection agent, mannose, into a usable source of carbon, fructose. Wright 
et al. (2001) found that using the selectable marker pmi with mannose-containing selection 
media gave high transformation frequencies and few escapes. They also found that pmi 
performed better than bar under the conditions they tested. 
Target genes 
It is now possible to transfer economically important traits into cereals. These important 
traits include grain quality and resistance to diseases and insects. 
In wheat, high-molecular-weight glutenin subunits (HMW -OS) are important 
determinants of the bread-making quality of wheat flour. HMW-GS genes have been 
transformed into wheat by several groups to obtain transgenic wheat plants that express a 
novel high-molecular-weight glutenin subunit (Shewry et al., 1995; Blechl and Anderson, 
1996; Altpeter et a/., 1996a; Barro et al., 1997; Shimoni et al., 1997; Blechl et al., 1998; 
Rooke et a/. , 1999). Another example of changing grain quality is starch modification. 
Baga et al. (1999) developed various monocotyledon vectors that drive expression of 
wheat starch branching enzyme I (SBEI) cDNA sequences in the anti-sense orientation. 
One transgenic wheat plant expressing the anti-sense SBEI RNA produces a ten-fold 
lower level of branching enzyme (BE) activity in kernels than wild type wheat. Analysis 
of starch produced from the transgenic plant shows that starch structure and properties 
have been altered. 
Several disease resistance genes have been transformed into wheat and barley 
(Bushnell et al., 1998). These genes include the gene encoding the barley yellow mosaic 
virus coat protein (Karunaratne et al., 1996, in wheat); stilbene synthase genes (for 
increased fungal resistance) (Brauer et al., 1997, in wheat and barley; Leckband and Loze, 
23 
Chapter 1: Introduction 
1998, in wheat and barley; Fittig and Hess, 1999, in wheat); the chitinase gene (for 
increased resistance to powdery mildew disease) (Chen et al., 1998, in wheat; Bliffeld et 
al., 1999, in wheat); and the rice thaumatin-like protein (TLP) gene (tip) (for controlling 
wheat scab symptoms) (Chen et al., 1999, in wheat). 
Genes for increased insect resistance have also been transformed into wheat. 
Altpeter et al. (1999) introduced the barley trypsin inhibitor Cme (BTI-CMe) into wheat. 
Stoger et al. (1999) produced transgenic wheat plants containing the gene encoding 
snowdrop lectin for enhanced resistance to the grain aphid. 
1.5 Objectives of this study 
Our lack of understanding of the cellular basis of wheat somatic embryogenesis requires 
the investigation of the plant regeneration pathway, which is described in Chapter Three. 
Wheat transformation is described in Chapter Four, while barley transformation is in 
Chapter Five. 
The lengthy selection period required when using conventional markers suggests 
that new visual marker genes should be exploited in wheat and barley transformation. This 
investigation is presented in Chapters Four (sgfp and Cl/Le) and Chapter Five (/ue). 
Agrobaeterium-mediated gene transfer has several advantages in comparison with 
the direct gene delivery (see above section 1.3.3). However, at the time this project was 
conducted, the only successful gene delivery method for wheat and barley was 
microprojectile bombardment. Therefore Agrobaeterium-mediated transformation as an 
alternative method for DNA delivery was tested in wheat, and this research is described in 




2.1 Plant materials and growth conditions 
2.1.1 Wheat 
Chapter 2: Methodology 
Commercial winter and spring wheat varieties (Triticum aestivum L.) were used in this 
study. The winter wheats include Buster, Dynamo, Kedong 58, Flame, Spark, Wasp and 
Zodiac, and spring wheats include Rascal, Scamp and Tonic. All seeds were bought from 
Nickerson Seed Company except Kedong 58 (a Chinese variety, which was obtained from 
Professor H. Hu). Winter varieties were grown in the field in late autumn and the 
immature embryos were collected and cultured the next summer. These materials did not 
respond well in tissue culture. Therefore their results were not included in the thesis. The 
poor response of these winter wheats might be due to the hot weather when the materials 
were available, as we found later that the growth conditions of the donor plants are 
critical: material harvested in early spring in the greenhouse responded better than that 
harvested in the summer. 
The seeds of spring wheat Rascal, Scamp and Tonic were sown in batches with an 
interval of three weeks. The plants were grown in a glasshouse maintained at a minimum 
of 12°C and with natural daylight supplemented by high-pressure mercury vapour 
discharge lamps (400W) to provide a 16h day-length. Immature seeds were harvested 12 
to 18 days after anthesis (when the immature embryos was about 1.0-1.5 mm in diameter), 
for tissue culture and subsequent transformation. Transgenic plants were grown under 
identical conditions in a contained glasshouse. 
Kedong 58 is a weak-winter wheat which requires slight vernalization. To grow the 
winter wheat Kedong 58, seeds were soaked in water in Petri dishes with filter paper, and 
kept in 4 °C cold room for 3-4 weeks before transfer into soil in a glasshouse. Regenerated 
plantlets from K58 were vernalised by keeping in a 4 °C cold room with fluorescent light 
for 3 to 4 weeks before transfer into soil in a glasshouse. They were fully fertile. 
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2.1.2 Barley 
Barley plants (Golden Promise) were grown in controlled environment rooms in the John 
Innes Centre. The growth conditions have been described by Harwood et al. (2000). The 
temperature in the controlled environment rooms was 15 °C during the day and 12 °C at 
night, with 80% relative humidity and light levels of 500 Ilmol.m,2.s·1. Transgenic barley 
plants were grown under identical conditions in a contained glasshouse. 
2.2 Tissue culture 
2.2.1 Media for tissue culture 
Media for wheat tissue culture 
The following media were used in wheat tissue culture and selection media: 
MS-b Callus induction medium 
MS-h MS-b containing a higher concentration of sucrose (5% to 20%) 
MSb-PPT(l) MS-b supplemented with (1 mg/l) PPT 




MS-AS supplemented with 500mg/l cefotaxime 
Plant regeneration medium 
MS-r supplemented with (5mg/l) PPT 
The callus induction medium MS-b consisted of MS basic medium (Murashige and 
Skoog, 1962), supplemented with 2 mg/I 2,4-dichlorophenoxyacetic acid (2,4-D), 0.5 mg/l 
d-biotin, 100 mg/l casein hydrolysate, 3% sucrose and solidified with 0.3% gelrite. MS-h 
medium was the same as MS-b except that it contained a higher concentration of sucrose 
(5% to 20%), which was used to cause osmotic changes before particle bombardment 
(Vain et al., 1993). Medium MS-AS was MS-b medium supplemented with 100J,lM 
acetosyringone (AS) for co-cultivation of wheat tissues and bacteria, and medium MS-I 
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was supplemented with 500mg/1 cefotaxime in order to inhibit bacterial growth after co-
cultivation. 
The regeneration medium MS-r consisted of MS basic medium supplemented with 
O.S mg/l NAA, O.S mg/l Kinetin, 3% sucrose and solidified with 0.3% gelrite. 
Phosphinothricin (PPT) was used for bar gene selection. Media PPTl, PPT3 and PPTS 
are MS-r medium containing 1 mg/l, 3 mg/l and 5 mg/l PPT respectively. lmg, 3mg or 
5mg of PPT was added to 1 litre of MS-b medium, forming MSb-PPT medium for early 
herbicide selection. 
Media for barley tissue culture 
The following media were used for barley tissue culture and selection: 
BCI Callus induction medium 
BCISB BCI medium supplemented with S mg/l bialaphos 
BCI+O.4M BCI medium supplemented with O.4M mannitol 
FWG Plant regeneration medium 
DBC3B FWG medium with high CUS04 (5J.lM). 1 mg/l 2,4-D and 
3 mg/l bialaphos 
FWGIB 
BCIlB 
FWG medium supplemented with 1 mg/l bialaphos 
BCI medium without dicamba but supplemented with 1 mg/l bialaphos 
Callus induction medium (named BCI medium) contains the basal salts of MS 
medium (Murashige and Skoog 1962), supplemented with 350 mg/l myo-inositol, 69 mg/l 
proline, I mg/l thiamine-HCl, I g/l casein hydrolysate, 2.5 mg/l dicamba, 30 g/l maltose 
and solidified with 3.S g/l phytagel. For plant regeneration, medium FWG was used. It 
contained the basal salts of MS medium, but only one tenth of NH4N03 • and 
supplemented with 100 mg/l Myo-inositol, 7S0 mg/I glutamine, 0.4 mg/l thiamine-HCl, 20 
g/l maltose and solidified with 3.5 g/l phytagel. 
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All stock solutions were filter sterilised and kept in the refrigerator or cold room (4 
CC). Media without phytagel were first prepared at double strength, then the pH was 
adjusted to 5.8 (with KOH) and the solution was filter sterilised. Double strength phytagel 
(3.Sg of phytagel was dissolve in SOOml H20 in a 1000ml bottle) was autoclaved and 
stored at room temperature. Double strength medium (filter sterile) and double strength 
phytagel were pre-warmed in a 6SoC water bath and mixed in equal volumes. Filter 
sterilised plant growth regulator or bialaphos solution (if applicable) was added to the 
medium at this stage and mixed well before pouring the medium into Petri dishes or tubes. 
2.2.2 Immature embryo isolation and culture 
Wheat immature embryo isolation and tissue culture 
Immature wheat seeds were collected 12 to 18 days post-anthesis and surface sterilised in 
10-20% (v/v) Domestos (containing 0.5% - 1.0% sodium hypochlorite) for 10-20 minutes, 
followed by five rinses with sterile distilled water. The immature embryos were isolated 
and cultured on MS-b medium (2S-30 immature embryos per dish) with their scutella sides 
facing up. The embryos were cultured in the dark (covering the Petri dishes with foil) in a 
24°C incubator. Two to four weeks after callus induction, embryogenic calli were 
transferred to MS-r medium for regenerating shoots and roots, and cultured under light. 
For transformation experiments, immature embryos were pre-cultured for 1-7 days 
before microprojectile bombardment. Then immature embryos or calli were transferred to 
MS-h medium for osmotic treatment for 2-6 hours before particle bombardment. They 
remained on this medium for one day before transfer to fresh MS-b medium. The cultures 
bombarded with plasmid pDBl or pAHC2S were transferred to selection medium PPTl or 
PPTS after 1-3 weeks, then transferred to fresh PPT5 medium every 2-4 weeks. 
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Barley immature embryo isolation and culture 
About two weeks after anthesis (when the immature embryos were about Imm in 
diameter), spikes were collected and the immature seeds were removed. The seeds were 
put into a jar, washed briefly (about 1 minute) in 70% ethanol and rinsed with sterile 
distilled water. Then the seeds were soaked in a solution of sodium hypochlorite (6% w/v 
available chlorine) for 4 minutes followed by three washes with sterile water. The 
immature embryos were dissected from the immature seeds using a stereo microscope, and 
the embryonic axes were removed from the embryos using a fine forceps. (Note: a quicker 
way to remove the embryonic axis involved removal of half of the lemma to expose the 
embryo, leaving the other half of the lemma in place and holding the embryo (still on the 
seed); then the tip of a fine forceps (with a curved end) was put into the gap between the 
axis and the scutellum, and the axis was hooked out in the direction of the coleorhiza). The 
embryos were incubated on callus induction medium BCI with the scutellum side up, and 
distributed evenly on the medium (about 100 embryos per 9 cm diameter Petri dish). After 
covering the dishes with foil, the embryos were cultured in the dark in a 24°C incubator. 
2.2.3 Osmotic treatment 
Vain et al. (1993) reported that osmotic treatment enhanced particle bombardment-
mediated transient and stable transformation of maize. They found that cells treated on an 
osmoticum-containing medium (0.2 M sorbitol and 0.2 M mannitol) 4 h prior to and 16 h 
after bombardment resulted in a statistically significant 2.7-fold increase in transient beta-
glucuronidase expression, and 6.8-fold increase in recovery of stably transformed maize 
clones. They believe the basis of osmotic enhancement of transient expression and stable 
transformation resulted from plasmolysis of the cells which may have reduced cell damage 
by preventing extrusion of the protoplasm from bombarded cells. 
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Wheat immature embryos or calli were transferred to MS-h medium for osmotic 
treatment 2-6 hours before particle bombardment. They remained on this medium for one 
day before transfer to fresh MS-b medium. 
Barley immature embryos were transferred to another callus induction medium 
(BCI+OAM) containing OAM mannitol one day after isolation for osmotic treatment. 
Twenty to thirty embryos were arranged in the centre of each dish (5 cm diameter) with 
the scutellum face up. They remained on this osmotic treatment medium for 24 hours. 
Biolistic bombardment was carried out 4 hours after the embryos were transferred onto the 
osmotic treatment medium. 
2.3 Plasmid DNA 
Four plasmid constructs, pDB 1, pAHC25, pBECKS.sgfp-S65T and pBECKS.red, were 
used for wheat transformation, and two plasmid constructs, pDAPH7 and pALS 1 , were 
used for barley transformation (Fig. 2-1 to Fig. 2-3). Plasmids pOBI and pAHC25 are 
dual expression vectors containing the gusA reporter gene encoding ~-glucuronidase, and 
the selectable bar gene (Becker et al., 1994; Christensen and Quail, 1996). Plasmids 
pBECKS.sgfp-S65T and pBECKS.red are binary vector constructs containing visual 
reporter genes: a synthetic green fluorescent protein gene (pBECKS.sgfp-S65T) and Cl/Le 
anthocyanin-biosynthesis regulatory genes (pBECKS.red) (McCormac et al., 1998a). 
Plasmid pDAPH7 contains dapA gene (a lysine biosynthesis regulatory gene), whilst 
plasmid pAL51 contains the bar selectable marker and the luciferase (Iue) reporter gene 
(Lonsdale et al. 1995). 
2.3.1 pDB1 
Plasmid pOB 1 was kindly provided by Professor H. Lorz of the Institute for General 
Botany, University of Hamburg, Germany. It contains the gusA under the control of the 
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actin-1 promoter and the bar under the control of the CaMV 358 promoter (Becker et al. 
1994) (Fig. 2-1). 
2.3.2 pAHC25 
Plasmid pAHC25 was kindly provided by Professor P. H. Quail at the Department of Plant 
Biology, University of California, Berkeley. It contains the bar and gusA genes, each 
under the control of the maize ubiquitin Ubi-] promoter (Christensen and Quail, 1996) 
(Fig. 2-1). 
2.3.3 pBECKS.sgfp·S65T 
Plasmid pBECKS.sgfp-S65T is a binary vector constructed by Dr A. C. McCormac at The 
Norman Borlaug Institute for Plant Science Research, De Montfort University, Leicester. 
It contains a green fluorescent protein (OFP) gene which has been synthesised for altered 
codon usage and contains a point mutation (Chiu et al., 1996); this gene (sgfp (S65D) was 
kindly provided by Jen Sheen (MOH, Boston, MA). The sgfp (S65D gene contains the 
favored codons of highly expressed human proteins, gives 20-fold higher GFP expression 
in maize leaf cells than the original jellyfish OFP sequence. When combined with a 
mutation in the chromophore, the replacement of the serine at position 65 with threonine, 
the new GFP sequence gives more than I DO-fold brighter fluorescent signals upon 
excitation with 490 nm (blue) light, and swifter chromophore formation (Chiu et al., 
1996). 
In the binary vector pBECKS.sgfp-865T, the sgfp (S65T) gene is fused to a CaMV 
35S promoter and nopaline synthase (nos) polyadenylation (PA) signals. This 
35S:sgfp(S6ST) gene was isolated as a HindIIIIEcoRI fragment and inserted into the 
multiple cloning site of pBECKS400.Zsk (a binary vector which is also used for 
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Agrobaeterium-mediated transformation experiments in our laboratory) (McCormac et al., 
1997; McCormac et al .• 1998a) (Fig. 2-2). 
2.3.4 pBECKS.red 
Another binary vector also constructed by Dr A. C. McCormac, plasmid pBECKS.red 
contains C J and Le anthocyanin-biosynthesis regulatory genes. C J gene was from plasmid 
p35S-Cl (Goff et al., 1990) provided by S. A. Goff, and Le gene from pSRL439 (Ludwig 
et al., 1989) provided by S. R. Wessler. The two genes were inserted into the multiple 
cloning site of the T -region (McCormac et al., 1998a) (Fig. 2-2). 
2.3.5 pDAPH7 
Plasmid pDAPH7 was prepared in Udine, Italy (an INCO - COPERNICUS programme 
funded by the EU). It contains the dapA gene (lysine gene) under the control of a 35S 
promoter (Fig. 2-3). 
2.3.6 pAL51 
Plasmid pAL51 was kindly provided by Dr D. M. Lonsdale of The Department of 
Molecular Genetics, John Innes Centre. It contains the bar selectable marker and the 
luciferase (luc) reporter gene, both under the control of maize ubiquitin (ubi-i) promoters 
(Lonsdale et al. 1995) (Fig. 2-3). 
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pAHC25 
B=BamH\; N=Nco\ ; S=Sall; Sa=Sac\ 
pDB1 
Fig. 2-1 Plasmid constructs used in wheat transformation. 
34 








I . __ ~-. -..;c:--+e:--I4~r--=:J--
Le CaMV 355 nos 
promoter PA 
et Adh 1 CaMV 355 




~ ... ~--------~ 
nos: nptl/: nos 







Fig. 2-2 Plasmid constructs used in wheat transformation. Binary T-DNA vectors 
containing reporter genes for anthocyanin biosynthesis (pBECKS.red) and green 
fluorescent protein (pBECKS.sgfp-S65T). All constructs were based on an original binary 
plasmid, pBECKS400Zsk and also contain the nptII gene which confers plant resistance to 
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Fig. 2-3 Plasmid constructs used in barley transformation. 
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2.4 Transformation 
2.4.1 Microprojectile bombardment 
A Bio-Rad Particle Delivery System model PDS-IOOO/He (Fig. 2-4) was used for 
transformation experiments. 
Fig. 2-4 Bio-Rad Particle Delivery System model PDS-I OOO/He. 
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Bombardment parameters 
For wheat transformation, the following parameters were selected: the distance between 
the rupture disc and the macrocarrier was 1.5 cm; between the macrocarrier and the 
stopping plate was I cm; between the stopping plate and the target tissues was 8 cm. The 
rupture pressure was 900 psi or 1100 psi, and the partial vacuum was 25-27 inches ofHg. 
For barley transformation, Petri dishes with immature embryos were placed in the 
second grid (about 6cm below the macrocarrier); gas pressure wasllOOpsi and partial 
vacuum was 27 inches of Hg. 
Particles and plasmid DNA coating 
In wheat transformation, both gold particles (1.0~m) and tungsten particles (l.l~m) from 
Bio-Rad were used for plasmid DNA coating. Only gold particles (0.95~m diameter) were 
used in barley transformation. 
DNA-coated gold particles were prepared as described by Secker et al. (1994). 
Prewashed 50 ~l aliquots of gold or tungsten particles (contained 2 mg gold or tungsten 
particles) were mixed with 5 ~l plasmid DNA (1 ~gI~l), 50 ~l CaCh (2.5 M) and 20 ~l 
spermidine (0.1 M) in a microfuge tube and vortexed for 2 minutes at room temperature. 
The mixture was centrifuged in a microfuge for 2 minutes at 10,000 g and the supematant 
was removed and discarded. The particles were washed in 250 ~l ethanol and re-
suspended in 120-200 ~l ethanol. For bombardment, 5-10 ~l of the DNA-particle 
suspension was spread on to the surface of the macrocarrier. 
For co-transformation of barley, 3~1 pDAPH7 (0.7~g!~l) and 2~1 pAL51 
(1.0~gI~l) were used in one DNA-gold coating and finally dissolved in 150 ~l ethanol. 5 
~l DNA-gold solution was spread evenly onto the centre of each microcarrier (about 30 
microcarriers). Only the macrocarriers with thin layers of well spread particles were used. 
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2.4.2 Agrobacterium strains and co-cultivation with wheat tissues 
The binary T-DNA vector pBECKS.red was introduced into two A. tumefaciens strains, 
EHAI0l (a 'supervirulent' strain earring a disarmed version of pTiB0542) (Hood et al., 
1986) and LBA4404 (Hoekema et al., 1983), by electroporation (McCormac et al., 
1998b). Cultures of A. tumefaciens were grown in liquid AB medium (Chilton et al., 1974) 
supplemented with spectinomycin at 28°C in an orbital shaker at 110 rpm for 24-72 hours. 
The A. tumefaciens cell density was adjusted to 00600 0.5 with AB medium immediately 
prior to co-cultivation, and acetosyringone (AS) was added to the bacterial suspensions 
(final concentration 100JlM). Wheat cultures were immersed in the bacterial suspensions 
for 20 minutes and then transferred, without rinsing, to fresh MS-AS medium (containing 
t OOJ.lM AS) for co-cultivation in the dark at 25°C for 3 days. Afterwards the cultures were 
transferred to MS-I medium (containing 500mg/1 cefotaxime) in order to inhibit further 
bacterial growth. 
2.5 Selection 
2.5.1 PPT selection of wheat 
Wheat cultures bombarded with plasmid pDBt or pAHC25 were either transferred to 
MSb-PPT medium for early selection and then transferred to fresh PPT5 medium every 2-
4 weeks; or transferred to MS-b first and selected on fresh PPT5 medium every 2-4 weeks. 
2.5.2 Bialaphos selection of barley 
The day after bombardment, the embryos were transferred to BCI5B selection medium 
which contains 5 mg/l bialaphos, 20 embryos per 9cm dish. Embryos were transferred to 
fresh selection medium every two weeks. Starting from the second selection (on BCI5B), 
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the callus from each embryo was broken into small pieces. Only compact, healthy callus 
was transferred and the origin was recorded. A 1-2 cm gap was left between adjacent 
callus pieces. Callus was selected on DBC3B medium for 2 weeks before transfer to 
FWG 1 B medium for another two rounds of selection. Healthy plantlets were transferred to 
glass tubes containing plant growth regulator-free BCIlB medium for rooting. Two to 
three weeks later, green plantlets with healthy roots on BCIl B medium were transferred to 
soil. Leaf samples were collected for PCR to test for the presence of the bar gene. One to 
two weeks later, Challenge leaf painting was carried out to check bar gene expression. 
2.6 Detection of gene expression 
2.6.1 Detection of e1/Lc and gfp expression by stereo and epi·fluorescence microscopy 
Cultures were checked regularly (from as early as 8 hours to one month after 
transformation) under a stereo dissecting microscope (Kyowa SDZ-P) for foreign gene 
expression during the process of regeneration. Cells transformed with C J ILe genes were 
visualised as red or purple cells (bombarded with pBECKS.red). 
For the materials transferred with pBECKS.sgfp-S65T, GFP was visualized using a 
Nikon epi-fluorescence microscope equipped with an epifluorescence filter set B-3A 
(excitation filter 420-490 nm, barrier filter 520 nm, dichroic mirror 510 nm). The light 
source was provided by a 100 W high-pressure mercury bulb. Photographs were taken 
using Kodak Ektachrome Tungsten 64T colour reversal film. 
2.6.2 Detection of gusA expression by the histochemical GUS assay 
GUS activity was assessed histochemically using 5-bromo-4-chloro-3-indolyl glucuronide 
(X-GLUe) (Jefferson et al., 1987). The GUS assay solution was made by dissolving X-
GLUC in a small amount (20-60JlI) of dimethyl formamide and then adding to phosphate 
buffer (100 mM NaP04 pH 7.0) containing 10 mM Na2EDTA, 0.1% (v/v) Triton X-lOO, 
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0.1 mM KtFe(CN)6.3H20, 0.1 mM K3Fe(CN) 6, and 20% (v/v) Methanol. The final 
concentration ofX-GLUC was 0.5mglml. 
For transient gene expression, the GUS assay was normally carried out two days 
after bombardment. Plant tissues (immature embryos or calli) were immersed in GUS 
assay solution and incubated for 12-24 h in a 37°C oven. The plant tissues were fixed by 
replacing the staining solution with 70% ethanol. GUS activity was checked under a stereo 
microscope. 
2.6.3 Detection of luc expression by luminography 
Transient luc expression was tested 2 to 4 days after bombardment. Under sterile 
conditions, about 50 fll filter sterilized luciferin solution (10flM) was add onto each 
immature embryo and luciferase activity (Ow et al., 1986) was visualised using a Berthold 
LUMAT LB9501 luminometer. In a similar way, leaves and roots from regenerated plants, 
and also compact but not regenerable callus which survived after 4-5 rounds of bialaphos 
selection, were tested for stable luc gene expression. For leaf tissue, cut into small pieces 
(about 5-lOmm), a few drops of 10flM luciferin solution with Tween 20 was used to wet 
the leaf surface. 
2.6.4 Detection of bar expression by herbicide testing 
Regenerated wheat plants after PPT selection were transferred to soil and tested for 
resistance to the glufosinate based herbicide Challenge® (containing the active ingredient 
PPT). Four concentrations of herbicide solution, 1 %, 0.5%, 0.1 % and 0.05%, were applied 
to leaves of wheat plants that were grown in a greenhouse. The herbicide was diluted in 
0.1 % Tween 20 just before use. Two marks were made in the middle of green leaves, 
about 5 cm apart. The herbicide was applied between the two marks with a paintbrush. 
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The leaves were checked after herbicide painting and the bleaching effect was recorded 
one week later. 
For putative transgenic barley plants, I % Challenge was used for leaf painting. At 
least two young leaves from each plant were tested for resistance to herbicide by marking 
a 3cm area of each leaf and painting this area with a 1 % solution of herbicide. One week 
after painting, plants were scored for herbicide resistance. Resistant plants showed very 
little effect of the herbicide whereas sensitive plants were bleached and died from the 
painted area to the leaf tip. 
2.7 Plasmid and plant DNA preparation 
2.7.1 Plasmid DNA isolation 
Plasmid DNA was isolated from overnight cultures of E. coli using standard alkaline-lysis 
procedures (Sambrook et al., 1989). After precipitation in ethanol, the DNA was re-
suspended to a final concentration of 1 Jlg/JlI in sterile distilled water. 
2.7.2 Wheat plant DNA preparation 
Wheat plant genomic DNA was isolated according to the standard laboratory protocol. 
The following stock solutions were prepared: DNA extraction buffer (containing 0.35M 
Sorbitol, O.lM Tris, and 5.0mM EDTA), nuclei lysis buffer (containing O.2M Tris, 0.05M 
EDTA, 2M NaCl, and 2% CTAB), and 5% N-Lauroylsarcosine. DNA extraction solution 
was made by mixing the three stock solutions at a ratio of 5:5:2 (in volume), and adding 
sodium bisulfite to a concentration ofO.3%(w/v) before using. 
50-100mg young leaf tissue was ground and incubated with 600JlI DNA extraction 
solution in a 1.5ml tube at 65°C for 60 minutes, followed by 500JlI chloroformlisoamyl 
(24: I) extraction. The mixture was vortexed, then centrifuged at 10,000 rpm for 5 mins. 
The aqueous phase (about 0.4-0.5 ml) was pipetted off into a new tube and 2/3 to I time of 
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volume of cold isopropanol was added for DNA precipitation. The mixture was 
centrifuged at 10,000 rpm for 5 mins then the isopropanol was poured off. The pellet was 
washed with 70% ethanol, centrifuged for 5 mins before the ethanol was discarded and the 
pellet air dried for 1 hour. The DNA was resuspended in 50111 TE or water and stored at -
20°C. 
2.7.3 Barley plant genomic DNA preparation for peR 
Genomic DNA for PCR analysis was extracted using the procedure of Edwards et al. 
(1991). The DNA extraction buffer contained 200 mM Tris HCI pH7.5, 250mM NaCl, 25 
mM EDT A and 0.5% SDS. Fresh extraction buffer was made from autoclaved stock 
solutions. Fresh leaf samples from young plantlets were collected in Eppendorf tubes and 
macerated with liquid nitrogen using disposable grinders. 400 III of extraction buffer was 
added and the sample was vortexed for 5 seconds. The extracts were centrifuged at 13,000 
rpm for 1 minute and 300 III of the supematant were transferred to a fresh Eppendorftube. 
This supematant was mixed with 300 III isopropanol and left at room temperature for 2 
minutes. Following centrifugation at 13,000 rpm for 5 minutes, the pellet was dried in a 
lamina flow hood and dissolved in 100 III 1 xTE. 
2.7.4 Barley plant genomic DNA preparation for Southern analysis 
Barley genomic DNA was isolated from leaf tissue using a modified CT AB (Murray and 
Thompson, 1980) protocol. Leaf materials of herbicide resistant, PCR-positive plants or 
non-transformed control plants were ground to a fine powder in liquid nitrogen and then 
mixed with lOml ofCTAB buffer (25g Sorbitol, 109 N-Lauroylsarcosine, 16g CTAB, 47g 
NaCl, 8g EDTA and 12.5g PVPP made up to 1 L in 0.2M Tris) and incubated at 65°C for 
1 to 2 hours with occasional mixing. Two chloroform extractions were carried out and 
then the DNA was precipitated with one volume of isopropanol. The DNA pellet was 
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dissolved in 1 O~mol Tris, RNase A treated and then subjected to one phenol/chloroform 
extraction before being Ethanol precipitated, dried and redissolved in 1 O~mol Tris. 
2.8 Analysis of plants using the polymerase chain reaction (peR) 
2.8.1 Primers 
PCR was performed either for testing putative transformants, or generating gene probes 
for Southern analysis. 
For wheat plants, the presence of the sgfp gene was determined by amplification 
of a 735 bp fragment of the gene using the primer pair 5'-GGA TCC ATG GTG AGC 
AAG GGC-3' (position on gfp 22~42) and 5'-GCG GCC GCT TTA CTT GTA CAG-3' 
(position on gfp 736~756), and the bar gene by amplification of a 534 bp fragment of the 
gene using primers 5'-GAG ACC AGT TGA GAT TAG GCC-3' (position on bar 20740) 
and 5'-ATC TGG GTA ACT GGC CTA ACT-3' (position on bar 533~5S3) (according to 
Becker et al., 1994). 
For barley plants, the presence of the bar gene was determined by the 
amplification of a 421 bp fragment of the gene using the primer pair 5'-GGT CTG CAC 
CAT CGT CAA CC-3' and S'-GTC ATG CCA GTT CCC GTG CT-3', the luc gene by 
amplification of a 1.1S8kb fragment of the gene using primers S'-GCC GGT GTT GGG 
COC GTT-3' and S'-GCG GGA AGT TCA CCG GCG-3' and the dapA gene by 
amplification ofa 892 bp fragment of the gene using primers (OAPA3) 5'-CTA AAC TTT 
ACA GCA AAC CGG-3' (Tm= 60.2°C) and (OAP AS) 5'-ATG TTC ACG GGA AGT 
ATT GTC-3' (Tm=60.3°C). The primers were ordered from Genosys Biotechnologies 
(Europe) Ltd (according to the protocols in Dr Harwood's lab in lIC). 
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2.8.2 Reaction solution 
The wheat PCR reaction mixture contained the following reagents: 51-11 IOx Taq (Thermus 
aquaficus) amplification buffer (MgClz free), 51-11 MgClz (25mM), 51-11 dNTP (2mM each), 
51-11 of both primers (2I-1M), 0.51-11 Taq polymerase (Promega), IJll DNA template 
(containing O.lng plasmid DNA or 31-1g plant genomic DNA), plus 23.51-11 sterile distilled 
H20 to make 501-11 of final reaction mixture. Three drops of mineral oil were added to 
cover the top of the reaction mixture before PCR amplification started. 
The barley PCR reaction solution contained the following reagents: 2.5 Jll IOx Taq 
(Thermus aquaticus) amplification buffer (with MgCh ), 2.5 JlI dNTP's (2mM each), 1 JlI 
of both primers (10 JlM), 0.2JlI Taq polymerase (Promega), plus 17JlI sterile distilled H20 
to make 24JlI of PCR mixture. Then I JlI of DNA sample for PCR was added to each tube 
containing 24 JlI of the PCR mix to make the final reaction mixture up to 25 Jll. For the 
positive control, 1 Jll 1 ng/JlI or 10 pg/JlI plasmid was used; for the blank control, 1 JlI H20 
was used. 
2.8.3 peR programmes 
For wheat 
PCR amplification was carried out using DNA engine PTC-200 Peltier Thermal Cyeler. 
Three PCR amplification programmes, Programme I, 11 and Ill, were used. 
The thermal cycling Programme I was 94°C for 3 minutes (denaturation), then 40 
cycles of 94°C for 30 seconds (denaturation), 60°C for 60 seconds (primer annealing) and 
72°C for 90 seconds (extension). A final extension step for 5 minutes at 72°C was 
performed prior to cooling to 4°C. 
The thermal cycling Programme 11 (for labelling PCR-DIG-Probe) was 95°C for 
3 minutes, then 35 cycles of 95°C for 30 seconds, 60°C for I minute and 72°C for 2 
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minutes and 30 seconds. A final extension step for 5 minutes at 72°C was performed prior 
to cooling to 4°C. 
The thermal cycling Programme III (for sgfp PCR) was 94°C for 3 minutes, then 
a cycle of 94°C for 45 seconds, 70°C for 60 seconds and 72°C for 90 seconds, followed by 
9 similar cycles but reducing annealing temperature by 0.5°C each cycle. Then a further 
25 cycles of 94°C for 45 seconds, 68°C for 60 seconds and 72°C for 90 seconds. A final 
extension step for 5 minutes at 72°C was performed prior to cooling to 4°C. 
For barley 
Three PCR amplification programmes were used for BAR, DAPA and LUC-PCR. 
The thermal cycling BAR-PCR programme (Touchdown PCR conditions for the 
bar gene) was 94°C for I minute, then a cycle of 94°C for 45 seconds, 70°C for 45 
seconds and 72°C for 45 seconds, followed by 9 similar cycles but reducing the annealing 
temperature by 0.5°C each cycle. Then a further 25 cycles of 94°C for 45 seconds, 65°C 
for 45 seconds and 72°C for 45 seconds. A final extension step for 5 minutes at 72°C was 
performed prior to cooling to 4°C. 
The thermal cycling DAPA-PCR programme was 94°C for 3 minutes, then 30 
cycles of 94°C for 45 seconds, 60°C for 90 seconds and 72°C for 90 seconds. A final 
extension step for 5 minutes at 72°C was performed prior to cooling to 4°C. 
The thermal cycling LUC-PCR programme was 94°C for 5 minutes, then 35 cycles 
of 95°C for 1 minute, 62°C for I minute and 72°C for I minute. A final extension step for 
5 minutes at 72°C was performed prior to cooling to 4°C. 
2.8.4 peR labeling of probe DNA (for wheat) 
PCR DIG probe Synthesis Kit (Boehringer Mannheim), a non-radioactive labelling kit, 
was used for generation of probes labelled with DIG-dUTP. The complete PCR mixture 
contained the following agents: 5/l1 lOx Taq (Thermus aquaticus) amplification buffer 
(with MgCh), 5111 IOx DIG-nucleotide mixture, 5111 of both Primers (2/lM), 0.75/l1 (2.6U) 
Taq polymerase, l/ll (0. Ing//ll) plasmid DNA (pBECKS-sGFP or pDBI). Sterile distilled 
H20 was added to a final volume of 50ll1. PCR programme 11 was operated to generate the 
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PCR-DIG-Probe. PCR products (15~1) were separated by running a mini-gel, and the 
probes (of the correct size) were purified using the Geneclean U® Kit (Bio 101 Inc., La 
Jolla, USA). 
2.8.5 Visualisation of peR products 
PCR amplifications were checked on 1.2% agarose gels. A mini-gel was made by 
dissolving 0.6g agarose in 50 ml 1 xTAE buffer (using microwaves to facilitate solution), 
and adding 1 J-lI ethidium bromide (1 O~g/~I). 1O~1 of PCR product was used and 2~1 
tracking dye (0.25% w/v xylene cyanol, 0.25% w/v bromophenol blue and 25% w/v FicoII 
Type 400) was added, mixed well and loaded on a gel. 2J-lg of 'A. DNA digested with EcoRI 
and HindlU was also loaded as a size marker. The gel was run at 65 V for 60-90 mins until 
the products of PCR amplification were well separated. PCR amplifications were 
visualized using either an UV trans-ilIuminator or a Bio-Rad Multi-Analyst™/PC. A 
735bp fragment of the gfp and a 534bp fragment of the bar gene from wheat PCR were 
used as probes for Southern hybridization. A 421 bp fragment of the bar gene from barley 
PCR was used as a probe for the Southern analysis. 
2.9 Southern blot hybridization for wheat 
2.9.1 Gel electrophoresis 
Twenty micrograms of each plant DNA sample were digested with HindIII and/or EcoRI 
in 30~1 of the manufacturer's buffer over night. Twenty micrograms of digested or 
undigested plant genomic DNA were separated by electrophoresis in 0.8% (w/v) agarose 
gels (Sambrook et al., 1989). Plasmids (10-1 OOpg of plasmid used to generated transgenic 
material) and DNA samples of untransformed plants were used as positive and negative 
controls. 
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2.9.2 Southern transfer 
The DNA was transferred from the agarose gel to Hybond™-N+ Nylon Transfer 
membrane (Amersham), or Quantum Yield™ Hybridization membrane (for non-
radioactive labeling, Promega) following a protocol described by Amersham. The dry 
membrane was put in an 80°C oven for 2 hours, for DNA-membrane cross-link. 
2.9.3 Southern blot hybridization 
Filters were hybridized with a PCR-DIG-Iabeled 500bp bar or 700bp gfp probe, 
according to the manufacturer's instructions (Boehringer Mannheim, Mannheim, 
Germany). Two hybridization buffers were used: standard hybridization buffer (without 
formamide) and standard hybridization buffer with formamide. The first buffer contained 
5xSSC. 0.1% (w/v) N-Iauroylsarcosine, 0.02% (w/v) SDS, and 1 % blocking reagent, 
hybridization temperature was 68°C. The second buffer contained 5xSSC, 50% deionized 
formamide, 0.1 % (w/v) N-Iauroylsarcosine. 0.02% (w/v) SDS, and 2% blocking reagent, 
hybridization temperature was 42°C. The hybridization solution was made by adding 1 O~l 
denatured DIG-PCR probe (gfp or bar) (purified from 15~1 PCR product) to 10ml 
hybridization buffer. 
The hybridization oven (Hybond) was set at 68°C or 42°C, according to the 
hybridization buffer applied. 30ml of hybridization buffer were used to pre-hybridize the 
membrane for 2-4 hours. Then the membrane was hybridized with the hybridization 
solution overnight ( 18 hours). 
Post-hybridization, the membranes were washed 2x5 min in ample 2xSSC, 0.1 % 
SDS at room temperature, and 2x 15 min in 0.1 xSSC, 0.1 % SDS at 68°C under constant 
agitation. 
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2.9.4 Probe detection and autophotography 
Hybridized probe DNA was detected using a chemiluminescent detection system CDP-
star™ (Boehringer Mannheim, Mannheim, Germany). Hybridization signals were 
visualized on Hyperfilm ™ High performance chemiluminescence film (Amersham) by 
exposing to the hybridized membrane for 5min to 3 hours at room temperature. 
2.10 Southern blot hybridization for Barley 
The barley genomic DNA (10~glsample) was digested with BgnI, electrophoresed in 0.8% 
agarose gel and transferred to a Hybond N+ membrane (Amersham) according to Southern 
(1975). The membrane was hybridized with a 32p labelled 421 bp fragment of the bar 
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3.1 Introduction of somatic embryogenesis 
Whole plants can be obtained from cultured plant cells and tissues either by 
organogenesis, via shoot and root formation respectively, or via somatic embryogenesis, 
embryoids fonned from somatic cells with characteristics similar to the zygotic embryos. 
The embryoids induced from cultured plant tissues often develop a region equivalent to 
the suspensor of zygotic embryos and come to have both a shoot and a root pole to 
distinguish them from zygotic or seed embryos (George EF, 1993). 
The early stages of embryogenesis in maize are illustrated in Fig. 3-1 (from 
Meinke, 1991) and stages of somatic embryogenesis in monocotyledons are illustrated in 
Fig. 3-2 (from George, 1993). In general the two processes are morphologically similar 
from the globular stage onwards. There may be differences in cell number or degree of 
expansion at particular stages, and somatic embryoids are frequently observed to have 
more than the nonnal number of cotyledons (Williams and Maheswaran, 1986). 
Somatic embryogenesis occurs in cell or organ cultures of a broad range of species. 
Williams and Maheswaran (1986) reviewed common features of somatic embryogenesis 
in vitro. Somatic embryos (embryoids) originate from either single-cells or multiple-cell 
clusters. Fig. 3-3 illustrates the initiation of the embryoids in somatic embryogenesis 
(from Williams and Maheswaran, 1986). In general, a multicellular origin appears to 
produce embryoids fused with the parent tissue over a broad area of the root pole or axis 
region, whereas a unicellular origin is more likely to give embryoids attached by a 
narrower suspensor-like organ. Haccius (1978) defined a non-zygotic embryo as 'a new 
individual arising from a single cell and having no vascular connection with maternal 
tissues'. Both multicellular budding and single-cell initiation of embryoids are observed 
from the same type of proembryonal complex (reviewed in Williams and Maheswaran, 
1986). 
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COLEOPTILAR STAGE 1 
Fig.3-1 Early stages of embryogenesis in Maize. Each stage is represented by a face view 
(left) and a longitudinal section (right) with the embryo face at left. The transition embryo 
contains an embryo proper (EP) and suspensor (S). The scutellum (Se), shoot apex (A), 
suspensor (S), and coleopillar ring (eR) are visible at the coleopillar stage. The first leaf 
primordium (LP) appears at the base of the shoot apex at stage I. Bar = 0.5 mm. Figure 

















Fig. 3-2 Stages of somatic embryogenesis In monocotyledons. Figure from George EF 
(1993). 
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Lr~~II~ maturing r epidermis 
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redetermination 
(ie. through IEDCs) 
Fig. 3-3 Somatic embryogenesis. Probable relationships of superficial or multy-layer, and 
single-cell or multicellular initiation patterns in direct somatic embryogenesis. Shading 
indicates pre-embryogenic detennined cells. IEDCs, induced embryogenic determined 
cells. Figure from Williarns EO and Maheswaran G (1986). 
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Magnusson I and Bomman CH (1985) investigated somatic embryogenesis from 
scutellar tissues of immature zygotic embryos of Triticum aesfivum. Somatic embryos 
were observed as early as six days after subculturing immature embryos of Triticum 
aestivum in vitro on 2,4-D containing nutrient media. Embryo formation followed three 
pathways, each involving one of the scutellum's three basic tissue systems: dermal, 
ground and vascular. In each of the three pathways of embryoid formation in their 
investigation, a developmental stage was observed which, in its morphology, showed a 
striking analogy to that of zygotic embryogenesis. 
Ozias-Alins and Vasil (1982) studied plant regeneration from cultured immature 
embryos of wheat. The presence of nodular and globular structures (original paper Figs 6-
8, lOin their paper), and the late formation of a lateral notch and leafy structures from 
these nodules (Figs. 9, 11-22 in their paper) were presented as evidence for the initiation 
of somatic embryogenesis in callus tissue derived from the scutellum of immature wheat 
embryos. These figures are illustrated in Fig. 3-4 (from Ozias-Alins and Vasil, 1982). 
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.. @ 
Fig. 3-4 Evidence for somatic embryogenesis in callus tissue derived from the scutellum 
of immature wheat embryos. Figure from Ozias-Akins P and Vasil IK (1982). 
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Although it is believed that plant regeneration from the embryo's scutellum 
involves somatic embryogenesis (Ozias-Akins and Vasil, 1982), it is not known whether 
the regenerating shoots originate from single cells within the scutellum of the original 
explants. When using immature embryos as targets for transformation, it is not known 
whether the resulting transformed plants originated from single cells or groups of cells. 
Chen and Xia (1986) studied the somatic embryo formation and plant regeneration 
from cultured young inflorescence of Polypogonfugax Nees Steud. They used histological 
sectioning and located single cells that developed into a full SE; there was also suspensor 
structure observed. Fig. 3-5 illustrates the somatic embryogenesis in the Po/ypogon grass 
(from Chen and Xia, 1986). Chen and Xia (1987) reported somatic embryo formation from 
protoplast cultures of Polypogon fugax Nees Steud. They showed SE from low-density 
protoplast (single cell) hanging drop culture. They also studied the protoplast cultures of 
wheat, but failed to obtain any SE (Chen, personal communication). 
In this study, wheat immature embryos were used as explants for plant 
regeneration. The wheat plant regeneration pathway was studied in detail. Transformed 
somatic embryos were obtained, and those with GFP signals were carefully monitored 
until maturity. The results provide evidence that somatic embryogenesis from single cells 
occurred in wheat immature embryo cultures, and that those single cells in immature 
embryos could be transformed and regenerated into plants. 
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Fig. 3-5 Somatic embryogenesis in cultured young inflorescence of PolypogonJugax Nees 
Steud. Figure from Chen and Xia (1986). 
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3.2 Somatic embryogenesis 
3.2.1 Regeneration of wheat plants from immature embryo cultures 
Immature embryos of wheat were used as explants for plant regeneration. Fig. 3-6 
illustrates the process of plant regeneration from an immature embryo (Rascal, a 
commercial V.K. wheat variety, in this case). 
Freshly isolated immature embryos (Fig. 3-6a) were inoculated on callus induction 
medium MS-b which contained 2mgll 2,4-D. About five days after initiation of the 
immature embryo cultures, proliferating callus emerged as a ridge around the periphery 
(mainly) and protrusion on the surface of the scutella. About two weeks after the culture 
was initiated, somatic embryos became distinguishable (Fig. 3-6b). In the light, green leaf-
like structures emerged and developed from the embryonic cluster (Fig. 3-6c). Two to 
three weeks after initial immature embryo culture, the tissues were transferred to plant 
regeneration medium MS-r that contained O.Smg/1 NAA and O.Smg/1 KT. The somatic 
embryos developed further, forming green shoots and roots (Fig. 3-6d). 
Two types of callus were produced by the immature embryo cultures: white, 
watery callus (like the central tissue in Fig. 3-6b) and yellow, compact callus (like the 
peripheral tissue in Fig. 3-6b). The white, watery callus grew fast and was friable, but not 
regenerable. The compact callus usually had a smooth surface and was regenerable. 
Plantlets were regenerated only from compact callus. Sometimes, however, compact callus 
seemed to have arisen from the underside of the friable, watery callus, and regenerated 
plantlets. This was probably due to the fast swollen callus covering the regenerable callus 
at an early stage of callus induction. 
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Fig. 3-6 Regeneration of wheat plantlets from an immature embryo. (a) A freshly isolated 
immature embryo. (b) Embryogenic callus (yellowish compact callus) and non-
embryogenic callus (transparent watery callus) emerging from the edges of the immature 
embryo. (c) Green leaf-like structures developed from somatic embryos. (d) Shoots and 
roots developed from the leaf-like structures. 
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3.2.2 Somatic embryogenesis: formation and appearance of somatic embryos 
The formation and appearance of some somatic embryos is shown in Fig. 3-7. Some 
somatic embryos showed transgene expression after biolistic bombardment with Cl/Le ( 
Fig. 3-7h) or gusA (Fig. 3-7f). 
Typical somatic embryos were observed as identifiable structures at the globular 
embryo stage. Fig. 3-7a shows a globular embryo (in the centre of the picture) among 
compact callus. It was a yellowish sphere, about 200J..l.m in diameter; the scutella cell is 
about 15-25J..1.m in diameter. The sphere is in contact with the parental tissue at the base. A 
'ruby' somatic embryo at this stage (about 160J..l.m in diameter) was also observed (Fig. 3-
7b). It was obtained by direct gene transfer of the plasmid pBECKS.red (containing Cl/Le 
reporter) to the scutellum of wheat (shown here from immature embryos of the spring 
wheat 'Rascal'). The expression of the Cl/Le genes resulted in the accumulation of 
anthocyanin. The whole embryo appeared 'ruby' and the colour was associated 
exclusively with this embryo. The short suspensor was visible at the root pole. This 'ruby' 
somatic embryo had probably been developed from a single transformed cell. 
The development of somatic embryos was not synchronous. Somatic embryos at 
different developmental stages were found in the culture originating from a single 
immature embryo, as shown in Fig. 3-7c. Both typical embryo structures (SE2 & SE3) and 
some embryos with scutella elongated into green leaf-like structures (SEt) are shown. In 
the centre of the picture (Fig. 3-7c) the embryos (SE2 & SE3) are yellowish, about O.3mm 
in diameter. They have scutella notches, like zygotic embryos at their early developmental 
stage. More advanced somatic embryos have their scutella elongated to green leaf-like 
structures (SEt). These somatic embryos cluster together on compact tissue, and the 
individuals are not easily separated from each other (Fig. 3-7d, a top view of Fig. 3-7c). 
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Fig. 3-7 Somatic embryogenesis. (a) A globular somatic embryo in the centre of the 
picture. (b) A ' ruby' somatic embryo expressing the Cl/Le reporter genes. (c) Yellowish 
somatic embryos in the centre of the picture. More advanced somatic embryos have their 
scutella elongated to green leaf-like structures. (d) A top view of c. (e) Further 
development of the yellowish somatic embryos in c. (I) A ' blue' embryo expressing GUS 
acti vity. (g) A zygotic-like somatic embryo. (h) Two shoot primordia under one leafy 
structure. See text for details. 
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The first appearance of green tissue on the immature embryo culture was usually 
not associated with real leaves, but in structures derived from elongated scutella of 
somatic embryos. The zygotic embryo-like embryoids SE2 & SE3 shown in the centre part 
of Fig. 3-7 c have developed, in one week, into the structures shown in Fig. 3-7 e, similar to 
SEt at Fig. 3-7c a week earlier. The scutella tissues elongated into leaf-like structures, or 
so called leafy structures. The leafy structures are dark green, with many trichomes. Shoot 
primordia have formed at the base of green leafy structures, about O.5-0.7mm in diameter. 
A 'blue' somatic embryo at the same developmental stage was also found (Fig. 3-7f). This 
'blue' somatic embryo, about O.5mm in diameter at the leafy base, was obtained after 
direct gene delivery of plasmid pOBI (containing the gusA gene) to the scutellum of 
wheat (shown here for immature embryos of spring wheat 'Scamp') and stained with GUS 
assay solution. The whole embryo was stained blue, albeit the blue colour was much 
lighter in the leafy structure than that in the base. The blue staining was exclusively 
associated with the discrete embryo structure. Therefore, this blue embryo should have 
originated from a single transformed cell. It would have developed into a transformed 
plant ifit had not been killed during the destructive GUS assay. 
Somatic embryos at the torpedo stage (like that of zygotic embryos) were seldom 
observed. Fig. 3-7g shows such a somatic embryo, which is similar to an immature zygotic 
embryo. This kind of somatic embryo normally suffered from arrested development. The 
shoots were usually generated from somatic embryos whose scutella had already elongated 
and changed into green leafy structures. The shoot and leaf primordia were formed at the 
bases of the leafy structures. Commonly more than one shoot primordium was present 
under each leafy structure. Fig. 3-7h shows two shoot primordia (each primordium was 
about 500flm in diameter) under one leafy structure. These multiple shoot primordia could 
readily germinate. It was not clear whether these multiple shoot primordia had the same 
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origin, or were derived from individual somatic embryos but fused together on the 
scutellum. A 'half-blue' leafy structure obtained by transformation (Fig. 4-3c) suggested 
that the leafy structure with multiple shoot primordia may have resulted from fused 
scutella (see Chapter 4, Section 4.3.1). 
3.2.3 Precocious germination of somatic embryos: development of leaves and roots 
The precocious germination of somatic embryos resulted in plantlet formation. It was the 
major plant regeneration pathway in immature embryo cultures of wheat. The precocious 
germination of somatic embryos was usually associated with the development of green 
leafy structures. Shoot primordia were located at the base of leafy structures. Primordia of 
axillary buds could form at the same time as leaf primordia were developing. Therefore, 
"micro-tillering" occurred and these structures developed during the germination of the 
somatic embryos. Fig. 3-8a, b & c show the development of leaves from yellowish shoot 
primordia of somatic embryos. Usually more than one shoot meristem was observed under 
each leafy structure (Fig. 3-88). Primordia of axillary buds sometimes emerged at the 
bases of the green leafy structures during the development of true leaves (Fig. 3-8b & c). 
Not all shoot meristems developed into shoots. Some of the shoot primordia (meristems) 
failed to form any leaves (Fig. 3-8d). This was probably due to nutrient deficiency, for 
there were overcrowded meristems clustering together. The roots of somatic embryos were 
developed from the root poles, opposite the newly formed shoots (Fig. 3-8e). Root hairs 
were developed (Fig. 3-8f). 
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Fig. 3-8 Precocious germination of a somatic embryo: development of leaf and root. (a) 
Three shoot primordia (s.p.) are located, side-by-side, at the base of the green leafy 
structure (I.s.). Each shoot meristem is about O.3mm in diameter. (b) The same tissue as in 
a , five days later. The first true leaves (t.l.) are developing from the leaf primordia. 
Meanwhile, more shoot meristems (or axillary buds) are forming at the base of the green 
leafy structure. (c) The first true leaves (1.1.) become green. There are two shoot meristems 
at this stage, between the green leafy structure and each of the two green leaves (at the left 
of the picture). The meristems at the outer side have been covered by the second leaves. 
This picture was taken ten days later than a. (d) Two rows of shoot meristems under the 
leafy structure. The row of shoot primordia near to the leafy structure failed to form leaf 
primordia (e) A root (r ) has emerged from the root pole, opposite to the shoot. (t) Root 
hairs (r.h.) have developed. 
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3.2.4 Further evidence of the single cell origin of somatic embryos: the development of a 
plantlet from a somatic embryo labelled with sgfp 
The development of a somatic embryo was followed from the early globular stage to 
plantlet fonnation. This somatic embryo was 'labelled' with sgfjJ (the green fluorescence 
protein gene). It was produced by direct gene delivery of the plasmid pBECKS.sgfp-S65T 
(containing the gfjJ gene) to scutella tissue one day after the initial wheat (Kedong 58, in 
this case) immature embryo culture. Twelve days after gene delivery (13 days after the 
initial immature embryo culture), a green-fluorescing somatic embryo was identified 
among the nodule structures (Fig. 3-9a, b & c). It was at the globular stage, about 400J..lm 
in diameter. The entire somatic embryo fluoresced, and the fluorescence was associated 
exclusively with this embryo (Fig. 3-9a & b). This green-fluorescing somatic embryo 
must have originated from a single transfonned cell. 
A shoot primordium emerged at the base of the somatic embryo three days later 
(Fig. 3-9d). The top of the embryo extended to a leafy structure. The flanks of the leafy 
structure's base were expanding and, at this stage, they partially covered the shoot 
primordium, like a coleoptile. Later, a shoot and roots developed from the somatic embryo 
(Fig. 3-ge & f). The coleoptile-like structure also expanded and gradually covered the 
whole shoot base. The process of plantlet regeneration from the initial immature embryo 
culture took 40 days. The plantlet was later transferred to soil. It grew healthily in the 
greenhouse and set seeds. 
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Fig. 3-9 The development of somatic embryos. One somatic embryo (coded as ' al ' ) 
expressed GFP. See nex1 page for the full legend. 
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Fig. 3-9 (continued) Wheat immature embryos (cultivar Kedong 58) were bombarded with 
the plasmid pBECKS.sgfp-S65T carrying an sgfp (S65T) gene, one day after the initial 
culture. The green fluorescence was traced during callus development using a fluorescence 
microscope under blue light, with a Nikon B-3A filter set (420-490 nm). (a) A somatic 
embryo 12 days after gene delivery. The whole somatic embryo (al) emits mild green 
fluorescence, with a very bright area at one edge. (b) The same tissue as in a, with 
additional normal lighting. The fluorescing embryo (a I) is distinguishable from its 
neighbour (a2, in shadow), which is not fluorescing. (c) The same tissue as in a and b, 
viewed under normal (tungsten) light using a stereo dissection microscope. The GFP 
'labelled' somatic embryo (al) and its surrounding tissue (including somatic embryos a2 
& a3) are shown. The 'green' somatic embryo (a I) is in the middle of the picture, about 
400Jlm in diameter. (d) A shoot primordium (s.p.) has emerged at the base of the somatic 
embryo (al), and the top of the somatic embryo becomes green leafy structure (1.s.). The 
flanks of the leafy base are expanding and partially cover the shoot primordium, like a 
coleoptile. The photograph was taken 16 days after the initial immature embryo culture, 
three days later than c. (e) Germination of the somatic embryos. The first true leaves (t.1.) 
have developed from the shoot primordia. Green fluorescence remains visible at the ridge 
of the leafy structure (corresponding to the bright fluorescing area in a). Red chlorophyll 
fluorescence also appears under blue light. The photograph was taken four weeks after 
immature embryo culture. (t) Plantlet formation. The roots have developed from somatic 
embryos. The 'labelled' somatic embryo is located at the bottom of the picture, with its 
leaf pointing right. The photograph was taken forty days after the initial immature embryo 
culture. 
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3.3 Factors that affect the frequency of green shoot regeneration 
The plant regeneration frequency from immature embryos of wheat was affected by many 
factors. On average, 20 plantlets could be regenerated from each immature embryo. If 
donor plants were grown under the best conditions, the regeneration frequency could reach 
60 shoots per immature embryo. Sometimes, over 100 shoots were obtained from a single 
wheat immature embryo. 
3.3.1 Genotype 
The frequency of plant regeneration from immature embryo (lE) cultures was genotype-
dependent. More than ten varieties of wheat were tested for plant regeneration. Three 
cultivars, Scamp, Rascal, and Kedong 58, gave higher frequencies of regenerable callus 
(RC) from immature embryo cultures (Table 3-1). 
3.3.2 The growth condition of explants 
The frequency of plant regeneration is affected by the growth condition of explants. The 
variation of regeneration frequencies from one genotype in different experiments (Table 
3-1) indicated that the growth conditions of the donor plants affected the tissue culture 
response. Immature embryos harvested during winter or early spring usually responded 
well in tissue culture, thus a higher frequency of plant regeneration could be obtained. 
When the temperature was high, the explants grew fast and the zygotic embryos developed 
rapidly (immature embryos could grow to 1-1.5mm in less than 12 days post anthesis). 
Immature embryos obtained under these conditions usually produced less regenerable 
callus, and the germination rate of the immature embryos on culture medium was higher. 
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Table 3-1. Genotype effect on the frequency of formation of regenerable callus from lE 
cultures. 
Exp. No. Genotype No.ofIE No. of lE producing Frequency of RC 
cultured regenerable callus from lE 
1 Scamp 25 22 88% 
K58 44 41 93% 
Rascal 130 70 54% 
2 Scamp 98 65 66% 
K58 77 63 82% 
Rascal 262 215 82% 
3 Scamp 112 103 92% 
K58 30 30 100% 
Note: lE = immature embryo; RC = regenerable callus. 
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3.3.3 Density effect on tissue culture 
When using the same material (i.e. the particular variety harvested on the same day), the 
plant regeneration frequency was determined by the tissue culture conditions. In one 
experiment summarized in Table 3-2, whole calli derived from twenty-eight immature 
embryos of Scamp were transferred to five 9cm Petri dishes with regeneration medium. 
In Table 3-2, Dish 1 to Dish 4 contained four lE derived calli each, and Dish 5 
contained twelve calli. Cultures at lower density (Dish 1 to Dish 4) yielded more 
regenerated plants (on average 7 shoots per lE) than cultures at higher density (Dish 5) (on 
average 2 shoots per lE). However, if the shoot primordia were counted, there was little 
difference between the two (average shoots plus primordia per lE, 14 and 12). It seems 
that in tissue cultures at high density the shoot primordia are hindered from developing 
into shoots. This was probably due to the limitation of nutrient supply in higher density 
cultures. 
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Table 3-2 Density effect on plant regeneration (Scamp). 
IE no. Dish no. No. of No. of shoot Average no. Average no. of 
per dish green primordia of shoots shoots + primordia 
shoots per lE per lE 
4 Dish 1 19 40 5 15 
Dish 2 25 30 6 14 
Dish 3 36 35 9 18 
Dish 4 34 10 8 11 
Sub-total 114 115 7 14 
12 Dish 5 25 120 2 12 
Note: lE = immature embryo. 
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3.3.4 Dissection and sub-culture of regenerable callus 
An increased frequency of plant regeneration could be achieved by dissecting the 
regenerable calli and separating them on new regeneration medium. In one experiment, all 
ten cultured immature embryos of Scamp produced regenerable callus (Table 3-3). 
Regenerable calli were separated and transferred onto MS-r medium to regenerate plants. 
On average, 26 plants were regenerated from each immature embryo. 
The potential for plant regeneration may be even higher. Sub-culture of 
regenerable callus resulted in more green shoot formation. In another experiment, twelve 
immature embryos were inoculated on MS-b medium. Seven immature embryos, labelled 
as a, b, c, d, e, f and g, produced regenerable calli (Table 3-4). Calli were separated into 
small pieces and transferred to regeneration medium at a low density (about 6 callus 
pieces per 9cm dish). When the calli from the first dissection grew big enough, they were 
separated again and transferred to new regeneration medium (Table 3-5). The highest 
number of regenerated plants was 243 shoots from one embryo. Many of the shoots were 
formed by micro-tillering. They arose from axillary buds. 
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Table 3-3 Plant regeneration from ten immature embryos of Scamp after dissection of 
regenerable calli (results were summarized eight weeks after immature embryo culture). 
lE code No. of callus No. of shoots on each callus Shoot no. per lE 
pieces pIece 
1E1 7 3, 1, 6, 9, 0, 0, ° 19 
1E2 13 3,6,1,2,7,2,8,9,0,0,0,0,0 38 
1E3 10 4,8,3,2,1,0,0,0,0,0 18 
1E4 7 5, 5, 9, 3, 9, 4, 8 43 
1E5 7 1, 2, 3, 1, 3, 5, 11 26 
1E6 11 1,2,3,2,3,8,6,5,3,5,3 41 
1E7 7 1,5,2, 1,3,6, ° 18 
1E8 6 2,4, 3, 8, 9, ° 26 
1E9 8 3, 3, 4, 8, 0, 0, 0, ° 18 
IElO 8 3, 6, 4, 0, 0, 0, 0, ° 13 
Average 8.4 26 
Note: lE = immature embryo. 
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Table 3-4. Green shoot regeneration from immature embryos of Scamp after two sub-
cultures (results were summarized ten weeks after tissue culture). 
lE code No. of callus No. of shoots arising from each 1 SI callus Shoot no. 
pieces at 1 sI pIece per lE 
dissection 
a 14 32,4,28,7,11,29,26,24,27,17,13,13,4,8 243 
b 20 (used for photography) 
c 13 1,3,3,5,11,12,5,11,0,0,0,0,0 51 '" 
d 17 2,7,3,7,2,1,4,3,5,2,7,0,0,0,0,0,0 43 '" 
e 4 6,4,7,12 29 
f 5 25,0,0,0,0 25 
g 4 87,1,6,0 94 
Average 81 
Note: lE = immature embryo. The medians are marked with '" 
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Table 3-5. Details of subculture of callus from lE a, f and g (underlined in Table 3-4). 
Callus No. of callus pieces No. of shoots arising No. of shoots from 
code at 2nd dissection from each 2
nd callus piece each 1 st callus piece 
a-I 12 5,8,4,1,3,11,0,0,0,0,0,0 32 
a-2 4 1,3,0,0 4 
a-3 10 2,3,6,6,4,2,5,0,0,0 28 
a-4 4 2,5,0,0 7 
a-5 2 4,7 11 
a-6 7 5,5,2,3,3,3,8 29 
a-7 6 2,6,3,7,5,3 26 
a-8 3 7,11,6 24 
a-9 8 3,2,5,4,6,3,4,0 27 
a-lO 5 3,4,4,4,2 17 
a-l1 3 4,3,6 13 
a-12 5 2,3,3,3,2 13 
f-l 6 4,4,5,4,5,3 25 
g-l 10 10,12,6,14,15,9,3,7,6,5 87 
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3.3.5 The effects of osmotic treatment, bombardment and selection 
Osmotic treatment 
Osmotic treatment reduced the total number of shoots and shoot primordia. Table 3-6 
shows plant regeneration after osmotic treatment of Scamp immature embryo cultures. 
The three experiments were carried out on the same day, using the same material. 
Experiment 1 compares the osmotic treatment (20% sucrose) effect on plant regeneration 
without bombardment (single treatment); Experiments 2 & 3 compare the effect of 
osmotic treatment (20% sucrose) on plant regeneration under bombardment conditions 
(double treatments). In Experiment 1 (without bombardment), osmotic treatment greatly 
reduced the shoot primordium formation (average 5.3 shoot primordia per lE compared 
with 11.3). In Experiment 2 (under bombardment conditions, with pDB1), osmotic 
treatment had less effect on shoot primordium formation (average 3.8 shoot primordia per 
lE compared with 4.3), but green shoot number was lower after osmotic treatment. 
Controversially, in Experiment 3 (also under bombardment conditions, but with 
pBECKS.red (Cl/Le)), although the number of shoot primordia was much lower after 
osmotic treatment (average 5.1 shoot primordia per lE compared with 11.2), the green 
shoot number was higher after osmotic treatment. 
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Table 3-6 Osmotic treatment and bombardment effects on plant regeneration (in Scamp). 
Exp. Osmotic Plasmid No. of No. of shoot No. of A verage no. of 
No. treatment lE/callus primordia green shoots + 
shoots primordia per lE 
1 no no 32 360 0 11.3 
20% no 32 170 0 5.3 
sucrose 
2 no pDBl 32 120 16 4.3 
20% pDBl 32 116 7 3.8 
sucrose 
3 no ClILc 64 695 19 11.2 
20% Cl/Le 64 270 55 5.1 
sucrose 
Note: lE = immature embryo. 
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Bombardment and selection 
A set of treatments was designed to test bombardment and selection effects on plant 
regeneration (Table 3-7). Immature embryos were pre-cultured on MS-b for two weeks 
prior to selection or regeneration. Bombardment reduces green shoot and green leafy 
structure formation (Treatment III compared with I; IV compared with 11). PPT selection 
could inhibit formation of non-transformed shoots, but it did not totally prevent green 
leafy structure formation from non-transformed lE (Treatment 11). Therefore, a long-time 
and constant PPT selection was needed. Otherwise these leafy structures could, if the 
selection pressure was released, develop into shoots. 
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Table 3-7 Bombardment and selection effects on plant regeneration (in Kedong 58). 
Treatment No. Bombard- Selec- No. of calli No. of calli No. of 
oflE ment tion with green with shoots calli with 
leafy structures roots 
I 48 - - 48 32 30 
11 48 - PPT5 12 0 0 
III 48 pDBt - 31 14 23 
IV 48 pDBt PPT5 6 0 0 
Note: lE = immature embryo. 
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3.4 Discussion 
The application of plant biotechnology to crop improvement will be facilitated by the 
regeneration of plants from single cells. This ensures that transfonnants are not chimeric. 
Plants regenerated from protoplasts are obviously of single cell origin, but the 
establishment of embryogenic protoplast cultures is highly genotype-dependent and time-
consuming, especially for wheat. In contrast, intact plant tissues, such as immature zygotic 
embryos, can be more efficiently used to regenerate whole plants (Ozias-Akins and Vasil 
1982, 1983). Immature zygotic embryos have usually been used as target tissues for 
transfonnation of cereals, including rice (Christou et al., 1991), maize (D'Halluin et al., 
1992), barley (Wan and Lemaux, 1994), and wheat (Weeks et al., 1993; Vasil et al., 1993; 
Nehra et aI., 1994; Becker et al., 1994). Some reports on maize and wheat transformation 
have suggested that the transgenic plants originated from single cells because the primary 
transfonnants were not chimeric and/or the new gene was inherited in a Mendelian fashion 
in progeny oftransgenic plants (D'Halluin et al., 1992; Becker et al., 1994; Nehra et al., 
1994). 
To investigate how plants are regenerated from immature embryos, wheat 
immature embryos were cultured on callus induction medium under continuous 
observation. One or two days after initial culture, some immature embryos were 
microprojectile bombarded with reporter genes, so that transformed cells/tissue could be 
traced. We have found somatic embryos expressing different genes after microprojectile 
bombardment. They appear as 'red' (expressing anthocyanin regulator genes, Fig. 3-7b), 
'blue' (expressing GUS activity, Fig. 3-7t) and 'green' (expressing green fluorescent 
protein, Fig. 3-9a) somatic embryos. The whole embryos expressed the transgenes with 
clear cell lineage boundaries. The structures of these embryos are similar to the 
observations of Ozias-Akins and Vasil (1982) (Fig. 3-4), which described as nodular and 
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globular structures, and notch and leafy structures. Uniformly transgene-expressing 
somatic embryos provided evidence that single cells in the immature embryos had been 
transformed and had developed into somatic embryos. It was concluded that somatic 
embryogenesis in wheat immature embryo cultures occurs from single cells. 
The somatic embryos first appeared as nodules. They occurred either 
independently or clustered and fused together. Most were precocious somatic embryos. 
They assumed typical zygote-like embryo structures at an early stage. Then their scutella 
elongated and developed into dark-green leafy structures with many trichomes. Shoot 
primordia formed quickly and true leaves developed shortly afterwards. Sometimes more 
than one shoot primordium was found at the base of each green leafy structure. The 
precocious germination of the embryoids resulted in plant formation. Multiple shoot 
primordia later developed at the base of each leafy structure. Well-formed zygote-like 
somatic embryos, though existed, were seldom observed. 
It is commonly found that somatic embryos germinate before reaching a mature 
state. Ozias-Akins and Vasil (1982) believed that the phenomenon of precocious 
germination is not desirable because it results in a smaller and less vigorous seedling. In 
this experiment, most shoots were developed from precociously germinating embryoids. 
They grew fast and they were viable and healthy. Thus precocious germination favoured 
rapid plant recovery after transformation. 
Primordia of axillary buds sometimes formed at the same time as leaf primordia 
were developing. Therefore, micro-tillering occurred and these structures developed 
during the germination of the somatic embryos. Not all potential shoot primordia 
developed into plantlets. Early separation of the somatic embryos increased the frequency 
of plant regeneration. The regenerated plants were formed from somatic embryogenesis 




Chapter 4: Wheat transformation 
4.1 Introduction 
The biolistic transformation of wheat was first achieved in 1992 (Vasil et al. 1992). 
Subsequently a number of laboratories have made this procedure routine (Weeks et al., 
1993; Vasil et aI., 1993; Nehra et aI., 1994; Becker et al., 1994). A great deal of effort has 
been poured into trying to improve the transformation efficiencies by investigation of 
target tissues, culture media, conditions of growth, selection systems, etc. Ingram et al. 
(2001) has presented a comprehensive review on genetic transformation of wheat. 
The identification and selection of genetic transformants require the use of genes 
that function respectively as reporters of gene expression and selectable markers for 
recovery of transformants. Reporter genes commonly used in plant research include 
chloramphenicol acetyltransferase (CAT), p-glucuronidase (OUS) and luciferase (LUC). 
Although these reporter genes are suitable for quantitative analysis, invasive and 
ultimately, destructive methods are required for detecting the enzymatic activities of CAT 
and GUS; hence, they cannot be used to monitor gene expression in vivo. The use of GUS 
is also limited by diffusion of the reaction intermediates. Hence, it is not easy to 
distinguish gene expression between neighbouring tissues, on the basis of histochemical 
detection of OUS. NPTn has also been used as a reporter for gene expression (Topfer et 
al., 1988) but, like GUS, the assays are destructive. 
Visual markers such as maize anthocyanin regulatory genes (ClILc), the firefly 
luciferase gene (luc) and the jellyfish green fluorescent protein gene (gfp ) are non-
destructive reporters and they can be used to monitor gene expression in vivo (Chiu et al., 
1996; Pang et al., 1996; McCormac et al., 1998a; Vain et al., 1998; Lonsdale et al., 1998a; 
Lonsdale et al., 1998b; Mudge and Birch, 1998; Baruah Wolff et al., 1999). 
In wheat transformation, the most frequently used reporter gene is gusA (from 
Escherichia coli, former name uidA) (Vasil et aI., 1993; Weeks et al., 1993; Nehra et al., 
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1994; Becker et al., 1994). Recently visual marker genes have also been used in wheat 
transfonnation, including the anthocyanin genes Cl, B and R (McConnac et al., 1998a; 
Chawla et aI., 1999; Mentemab et al., 1999); the luciferase gene luc (Lonsdale et al., 
1998a; Lonsdale et al., 1998b); and the green fluorescent protein gene gfp (Pang et al., 
1996; Jordan, 2000; Weir et al., 2001; Stewart, 2001). The most commonly used 
selectable marker gene for wheat transfonnation is the bar gene from Streptomyces 
hygroseopicus, with PPT or bialaphos selection (Vasil et aI., 1993; Nehra et al. 1994; 
Becker et al., 1994; Weeks et at., 1993). Other selectable marker genes also used in wheat 
transfonnation, including nptIl, with geneticin (G418) selection (Nehra et al. 1994), CP4 
and GOX genes, with herbicide glyphosate selection (Zhou et al., 1995). 
Agrobacterium-mediated transfonnation has advantages over microprojectile 
bombardment, and has become a focus of cereal transfonnation research in recent years. 
Attempts to develop Agrobacterium-mediated wheat transformation systems have been 
made by researcher world-wide. The first significant report was by Cheng et al. (1997). 
More recently, Agrobacterium tumefaciens-mediated transfonnation of wheat was 
achieved by Weir et al. (2001) using suspension cultured cells as a model system and 
green fluorescent protein as a visual marker. 
In 1994 when the project was at its early phase, literature on wheat transformation 
was limited to reports delivery of the reporter/the marker genes gusA, bar or nptII to wheat 
immature embryos or regenerable embryogenic callus by microprojectile bombardment 
(Vasil et al. 1992; Weeks et al., 1993; Vasil et al., 1993; Nehra et al., 1994; Becker et al., 
1994). In the present study, plasmid constructs with the gusA reporter, bar selectable 
marker and two visual markers, the sgfp (S65T) gene and the Cl ILe genes, have been 
exploited for wheat transformation. The main DNA delivery method was biolistic 
bombardment. Agrobacterium-mediated wheat transformation was also tested by using the 
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Cl/Le genes. The IEs/calli bombarded with plasmid pDBl or pAHC25 (both containing 
the bar gene) were selected on PPT-containing medium. After several rounds of PPT 
selection on culture medium, the surviving green shoots were transferred to soil and the 
herbicide Challenge was applied to the leaves to screen for herbicide resistant plants. 
Putative transgenic plants were analysed by PCR and Southern analysis. 
4.2 Transient gene expression by PDS·1000/He 
4.2.1 The expression of genes in single cells 
Transient gene expression can be detected in the epithelial and sub-epithelial cells of the 
immature embryo scutella one to two days after gene delivery. Individual green cells, blue 
cells or red cells can be observed after delivery of the sgfpS65T gene, the gusA gene or the 
C J ILe genes into immature embryo scutellum tissue (Fig. 4-1). 
Scutellum cell division can be found in the middle of Fig. 4-1b (red cells). 
Individual blue cells can be distinguished in Fig. 4-1c. Blue colour varies, from a tint to 
dark blue. In some cells, aus blue is not present in the nuclei. Various shades of blue 
indicate the different levels of enzyme activity of cells, probably caused by different copy 
numbers of the plasmid received by individual cell. Multicellular structures expressing 
foreign genes could be observed about one week after gene delivery (Fig. 4-1d). 
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Fig. 4-1 The expressIOn of genes in single cells. (a) Transient sgfp expression In 
individual cells of the scutellum. (b) Transient Cl/Le gene expression, showing cell (in 
red) division. (c) Transient gusA expression. Individual blue cells can be distinguished. (d) 
Wheat scutellum (Kedong 58) six days after particle bombardment with plasmid pDBl. 
Some proliferating callus cells showing GUS staining as a blue area. Single cells with 
transient GUS staining are still visible. 
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4.2.2 Factors that affected transient gene expression 
Factors that affected transfonnation efficiency were evaluated on the basis of transient 
gene expression events. After biolistic bombardment, the number of blue cells (due to 
gusA expression as revealed by the GUS assay) or red cells (due to the expression of the 
Cl/Le) in each scutellum was counted and recorded (Fig. 4-2). The gfp expression was not 
assessed, because transient GFP signals were very weak, and it was difficult to examining 
individual transfonned cells. The weak GFP signal was probably due to the epi-fluorescent 
microscopy we used, which was not ideal for examining GFP expression in callus/tissue. 
Particles and plasmid DNA coating 
Both tungsten particles (1.1J..lm) and gold particles (1.0J..lm) were used for plasmid DNA 
coating. Gold particles are more uniform and expensive than tungsten particles. In fact, the 
somatic embryo that expressed GFP (in Fig. 4-4) was produced after bombarding with 
plasmid DNA-coated tungsten particles. An evenly distributed thin layer of DNA on the 
particles was essential for successful transformation. 
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Fig. 4-2 Evaluation of transformation efficiency by counting transformed cells. (a) Red 
cells (transient ClILe expression). (b) Blue cells (transient gusA expression after the GUS 
assay). 
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Explant genotype 
Table 4-1 shows transient Cl ILc gene expression detennined by counting red cells 24 
hours after shooting. In Experiment 1, the materials were bombarded two days after the 
initial lE culture, and in Experiment 2, the materials were bombarded six weeks after the 
initial lE culture, there was no osmotic treatment before or after shooting. The plasmid 
DNA was coated with tungsten particles just before shooting. The number of red cells on 
each lE/callus varied considerably. Under the same culture conditions, Rascal gave a 
higher transient gene expression than Tonic (30 and 9 red cells/lE on average in 
Experiment 1), but lower than Kedong 58 (51 and 92 red cells/callus on average in 
Experiment 2). The results from two statistical methods, by calculating mean values and 
using medians, are very different in Experiment 2: the mean values are much higher than 
the medians. 
Plasmid construct 
Plasmid effects on transient gusA gene expression were examined by GUS assay 48 hours 
after shooting. The IEs were pre-cultured two days before shooting without osmotic 
treatment. Two plasmids pAHC25 and pDB 1 were tested in three genotypes, Rascal, 
Scamp and Kedong 58 (Table 4-2). The results obtained after calculating mean values and 
using medians are very close. 
In all three genotypes, the transient gusA expression of the plasmid pAHC25 was 
higher than that of pDB 1 (Table 4-2). In Kedong 58, the difference between pAHC25 
(average 41 blue cells per lE) and pDBl (average 34 blue cells per lE) was not significant. 
However, in both Rascal and Scamp, the transient gusA expression of the plasmid 
pAHC25 (average 57 and 81 blue cells per lE) was much higher than that of pOBl 
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(average 9 and 13 blue cells per lE). The poor results in pDBI was probably caused by 
plasmid DNA coating quality rather then plasmid DNA itself, because, as can be seen 
from another experiment shown in Table 4-4, the transient gusA expression of the plasmid 
pOBl was much higher than in this experiment (average blue cells/lE was 37 in Rascal 
and 31 in Scamp). 
Tissue culture conditions 
Transient gene expression varied from one experiment to another, even when the same 
material and plasmid were employed. In this case, the physiological status of the explant 
played an important role. Freshly isolated and pre-cultured immature embryos responded 
differently in tenns of transient gene expression (Table 4-3). It seemed that freshly 
isolated immature embryos were more susceptible to incorporation of the transgene. 
The effect of osmotic treatment 
Osmotic treatment before particle bombardment significantly enhanced transient gene 
expression in the experiments reported by Vain et al. (1993). In the experiments described 
here, sucrose was used as an osmoticum instead of mannitol. Different concentrations of 
sucrose (5%, 10% and 20%) were added to the callus induction medium to test its effect 
on transient gene expression. Table 4-4 shows the effect of the osmotic treatment (20% 
sucrose in MS-b medium) on transient gusA gene expression. The IEs of Rascal and 
Scamp were pre-cultured for 6 days, and pre-treated on the osmotic medium for 5 hours 
before particle bombardment. The GUS assay was perfonned two days later. At this stage, 
the osmotic-treated IEs were still compact, while the control became watery and soft. In 
both genotypes, the blue cells of the osmotic-treated IEs were about twice as numerous as 
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on the control, if the medians are compared; and 3 to 4 times higher if the mean values are 
compared. 
The effects of different osmotic pre-treatments (10% or 20% sucrose in the 
medium) were compared by determining transient Cl/Lc expression in Scamp, and the 
results were listed in Table 4-5. The IEs were pre-cultured one day and transferred to 
osmotic plates 4 hours before particle bombardment. Four days after bombardment, the 
red cells were counted. The highest transient Cl ILc expression came from the 10% 
sucrose pre-treatment. 
The effect of varying duration of the osmotic treatment (10% sucrose in this case) 
was determined by measuring transient gusA expression in Kedong 58 using plasmid 
pDB 1 (Table 4-6). IEs were placed on osmotic plates of medium containing 10% sucrose 
for either 6 hours or 18 hours before particle bombardment. Blue cells were counted two 
days after bombardment. The results showed no difference of transient gusA expression 
between the two treatments. 
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Table 4-1 Genotype effect on transient Cl/Le expression (red cells were counted 24 
hours after bombardment). 
Exp. Geno- No. No. of red cells on each lE or Total Average 
type ofIE callus no. of cells per 
or red lE 
callus cells (callus) 




Tonic 32 lE 10,6,3,7,6,1,4,7,7,6,8,14, 292 9 
15,8,3,5,11,8,12,12,4,2,1, 
16,20,16,19,13,13,9,9,10 
2 Rascal 14 Q,26,1,5,24,25,5, 170, 182, 142, 715 51 
calli 98,5,15,17 
K58 10 77,169,23,203,318,42,29,33, 917 92 
calli 23,Q 
Note: lE = immature embryo. The two maximum and minimum values are underlined. 
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Table 4-2 Effect of plasmid construct on transient gene expression 
Geno- Plasmid lE no. No. of blue cells on each lE Total Average 
type for the no. of no. of 
GUS blue blue cells 
assay cells per lE 
Rascal pAHC25 6 23,70,58,96,65,31 343 57 
pDB1 16 ll, 11,05,08, 03, 03,16, 28, 148 9 
04,07,02,05,11,07,06,15 
Scamp pAHC25 12 67,55, 28, 79,102,144, 967 81 
35, 34, 66, 70, ill,136 
pDB1 19 27,07,36,09,00,03,35, 254 13 
27,13,02,09,11,15,13, 
03,06,21, 10,07 






pDBI 20 26, 82, 15,53,50,44,38, 09, 25, 672 34 
66,35, 04, 30, 46, 1 J, 26, 15, 65, 
19,13 
Note: lE = immature embryo. The two maximum and minimum values are underlined. 
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Table 4-3 Pre-culture effects on transient gene expression 
Geno- Pre- Plasmid lE no. for Blue cells (spots) per lE Average no. 
type culture the GUS of blue cells 
time assay per lE 
K58 ° day pAHC25 10 167, 120, 30,77,190, 112 
132,31, 199, 116,59 
3 days pAHC25 10 83, 90, 11, 63, 53, 77 
57, ill, 70, 104,96 
4 days pAHC25 10 92, 11 0, ~, 86, ill, 84 
98, 138, 7, 36, 80 
Note: lE = immature embryo. The maximum and minimum values are underlined. 
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Table 4-4 Osmotic treatment effect on transient gusA expression. 
Genotype Osmotic Plasmid lE no. for Blue cells (spots) per lE Average 
treatment the GUS no. of blue 
assay cells per lE 
Rascal no pOBI 16 42,68, 76,31,2,42, 37 
20,12,42,46,36,10, 
61,45,1,51 
20% pOBl 14 254,20,70,266,350, 123 
sucrose ll, 100, 110,90, 100, 
50, 50, 100, 150 
Scamp no pOBI 16 33,50, 19,41,42,54, 31 
7, Z, 56, Z, 34, 31, 17, 
7,46,60 
20% pOBI 17 153,6,71, 88,~, 360, 119 
sucrose 97,400,8,10,80,1, 
115,9,110,300,210 
Note: lE = immature embryo. The two maximum and minimum values are underlined. 
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Table 4-5 The effect of different osmotic pre-treatments on transient C llLe expression. 
Material Osmotic lE no. for Red cells (spots) per lE Average red 
treatment red cell cells per lE 
counting 
Scamp no 25 few, less than 5 <5 
10% 24 250,25, 10, 100,50,60, 97 
sucrose ~,30, 70,180,230,300, 
200,160,30,45,125,30, 
80,~,90, 160,80,20 
20% 25 40,60,20,50,80,300, 63 
sucrose 50,50,200,300,20,10, 
50, 50, 10, 20, 30, ~, 15, 
~,40,50,60,40,30 
Note: lE = immature embryo. The two maximum and minimum values are underlined. 
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Table 4-6 The effect of duration of osmotic pre-treatment (10% sucrose) 
Geno- Osmotic Plasmid lE no. for Blue cells (spots) per lE Average 
type treatment GUS blue cells 
assay per lE 
K58 6h pOBI 20 52,56,78,50, 100,52, 61 
54,80,64,63,42,35,25,56, 
57,75,90,83,75,34 
18 h pOBI 37 29,40,~,25,96, 14O, 61 
22,19,11,1,20,34,76, 
60, 120,65,75,55,73, 
6~4~55,40, 105, 16, 
100,67,55,37,100,30, 
60,30,100,65,65,120 
Note: lE = immature embryo. The two maximum and minimum values are underlined. 
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4.3 Stable gene expression by PDS·1000/He 
The expressions ofGUS, CIlLc and GFP have been observed in multicellular structures or 
well-organised somatic embryos. 
4.3.1 The expression of GUS and C1/Lc 
Multicellular structures expressing GUS activity can be found in regenerable calli and 
somatic embryos after the histochemical GUS assay has been performed (Fig. 4-3). The 
dark blue staining in Fig. 4-3a indicates strong gusA gene expression. A 'blue' somatic 
embryo reveals GUS activity (Fig. 4-3b). Its scutellum has elongated into a leafy 
structure. Sometimes, GUS activity can be detected in leafy structures (Fig. 4-3c). Two 
patterns have been found: uniform blue (left) or patchy blue (right). Only half of the leafy 
structure showed GUS activity indicating either that there are fused somatic embryos, or 
that the structure is chimeric for the transgene. GUS activity can also be detected in the 
root (Fig. 4-3d). 
A 'ruby' somatic embryo was observed after the delivery of the plasmid 
pBECKS.red (containing the Cl/Le reporter) into wheat immature embryo scutellum (Fig. 
3-2b). However, the colour of the embryo changed from red to blue, then grey, and 
eventually the embryo died. These embryo changes were probable due to internal pH 
changes associated with cell death. 
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Fig. 4-3 GUS activity in re-differentiated tissues. (a) Callus revealing GUS (dark blue) 
activity. (b) A ' blue embryo'. A transformed wheat somatic embryo developed under non-
selection conditions. Its scutellurn had e",1ended into a leafy structure. (c) GUS stains on a 
leafy structure. Partially transformed somatic embryos from PPT selected embryogenic 
callus, showing two patterns of chimeric leafy structure. (d) GUS activity in a root. A root, 
from a plantlet which survi ved several periods of selection, showing GUS acti vity. 
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4.3.2 The expression of GFP 
Ninety-two freshly isolated wheat (Kedong 58) immature embryos were inoculated in the 
centre of four 5cm Petri dishes with callus induction medium (MS-h) containing a high 
sucrose concentration (5% sucrose). The immature embryos were bombarded with the 
plasmid pBECKS.sgfp(S65T) (coated on tungsten particles) the day after initial culture. 
One day after shooting, the immature embryos were transferred to new callus induction 
medium (MS-b) with the normal sucrose concentration (3% sucrose). 
Following the microprojectile-mediated gene delivery to the scutellum surface of 
immature wheat embryos, the cultures were viewed at 1-2 day intervals. Both stereo 
microscopy and epifluorescence microscopy were used in order to follow the development 
of regenerating structures and, simultaneously, to screen these for the phenotypic 
expression of the gfp gene via the fluorescence of the protein product. 
Two days after DNA delivery, early (largely transient) GFP activity was detected 
within individual cells of the scutellum surface (Fig. 4-la). There was no visible leaching 
of the GFP fluorescence from the individual expressing cells to neighbouring non-
expressing cells. 
Pre-embryogenic callus was seen to emerge from the scutella surface within one 
week from the start of culture; 24 out of a total of 92 immature embryos, which had 
received DNA, produced such regenerable-type callus. Clusters of calli were separated, if 
they were not tightly in contact with each other, and individually coded in order to 
facilitate identification throughout the sequence of observations. 
Those multi-cellular structures, in which GFP activity was detected, displayed a 
variety of patterns with respect to the tissue-types and periods of time for which 
fluorescence could be observed. Phenotypic gfp expression within these independent 
callus pieces, designated IEla, IE6a and 1E18a, illustrated such diverse patterns (Fig. 4-4). 
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Fig. 4-4 Patterns of gfp expression in wheat. 3, b, and c are the same tissue coded lE 1 a; d, 
e and f are the same tissue coded IE6al (these 3 images are also used in Fig. 3-8 3, b & e, 
to show the development of this somatic embryo at certain stages); g, h and i are the same 
tissue coded JE18a. See next page for details. Bar = 200 /-lm . 
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Fig. 4-4 (continued) Wheat immature embryos (Kedong 58) were bombarded with 
plasmid DNA carrying the sgfp (S65T) gene the day after initial culture. The green 
fluorescence of GFP was traced during callus development using a fluorescence 
microscope under blue light, with a Nikon B-3A filter set (420-490 nm). (a) Callus IEla 
emitted green fluorescence at its centre part 12 days after gene delivery. (b) As for a, with 
additional normal lighting, showing the whole callus and the location of green 
fluorescence. (c) Callus lE 1 a four weeks after transformation. The patchy green 
fluorescence had spread and GFP was also evident on two proliferating cell clusters at the 
edge. (d) Somatic embryo 1E6al 12 days after gene delivery. The whole somatic embryo 
emitted a mild green fluorescence, with a very bright area at one edge. (e) As for d, with 
additional normal lighting. IE6al was distinguishable from its neighbour, somatic embryo 
1E6a2 (right), which did not fluoresce. (C) Shootlets from somatic embryos 1E6a 1 (left) and 
IE6a2 (right) four weeks after immature embryo culture/gene delivery. GFP remained 
evident on IE6al at the back of the leafy structure (previously a bright fluorescent area). 
Red chlorophyll fluorescence also appeared under blue light. (g) The green fluorescence of 
GFP emerged at the shoot primordium of 1E18a five weeks after gene delivery. The red 
part was chlorophyll fluorescence on the leafy structure. (b) Another view of the same 
shoot in g (from the bottom of the Petri dish). (i) Three weeks later than g. Green 
fluorescence remained visible on one leaf after it had grown from the shoot primordium. 
103 
Chapter 4: Wheat transformation 
Early expression of the sgfp gene 
The fluorescent signal in callus IEla ('lEl' means lE no. 1; 'a' means the first callus) was 
among the strongest shown by the transformed material recovered in this study, but was 
unevenly distributed. Twelve days after gene delivery fluorescence was seen, most 
intensely within a single patch on the surface of the cell cluster (Fig. 4-4 a & b). Figure 4-
4 ~ shows the same callus two weeks later. The fluorescent area has become enlarged and 
concentrated in two proliferating cell clusters. The green fluorescence gradually spread 
over the whole of the tissue. Callus IEla continued to proliferate and retained areas of 
green fluorescence for a period of at least 2 months after bombardment. Cells at the 
surface became visibly enlarged and some areas accumulated chlorophyll, but the callus 
failed to form primordia. The gfp expression in this line was, therefore, limited to 
undifferentiated cells. 
Among calli derived from immature embryo no. 6 (1E6), an organized multi-
cellular structure was identified which displayed the gfp phenotype. A green-fluorescing 
somatic embryo, at the globular stage, was identified 12 days after particle bombardment 
(Fig. 4-4 d). The entire area of this somatic embryo fluoresced, albeit to a relatively low 
level apart from a single intense patch which covered an estimated 2% of the surface area. 
The green fluorescence, under blue light, of this somatic embryo (lE6al) made it distinct 
from an adjacent and otherwise indistinguishable, non-transformed embryo (lE6a2) (Fig. 
4-4 e). These two globular structures developed leafy outgrowths from which emerged 
shoot primordia (Fig. 4-4 f). In IE6al, green fluorescence was observed within the early 
leafy structure, but subsequent development was associated with the accumulation of 
chlorophyll (seen as red fluorescence when an epifluorescent microscope was used, Fig. 4-
4 f) and the restriction of GFP fluorescence to an isolated area which corresponded to the 
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site of maximum intensity in the primary differentiated structure. After six weeks of 
screening, it was no longer possible to distinguish between IE6al and IE6a2 in the basis of 
fluorescence under blue light. The shoot meristem of IE6al did not demonstrate green 
fluorescence throughout the whole of its development. 
Late expression of the sgfp gene 
The two patterns of in vivo phenotypic activity of GFP, described above, were 
characterised by a maximal signal soon after DNA delivery. In contrast, the plantlet 
designated lE 18a did not expressing gfp until one month after the initial immature embryo 
culture/gene delivery. The green fluorescence appeared exclusively in an emerging shoot 
primordium (Fig. 4-4 g & h) which was derived from a non-fluorescing callus (IEI8a). 
The IEI8a pre-shoot leafy structure also lacked any visible GFP expression. The shoot 
lE I8a continued to show strong fluorescence under blue light for about one week, but 
subsequent observations revealed a reduction in the visible signal. In the developing 
plantlet, green fluorescence was restricted to a single nodule in one of the emerging leaf 
tips (Fig. 4-4 i). 
In summary, by using sgfp (S65T) as an in vivo reporter, it was possible to identify 
multi-cellular structures of wheat that had developed after DNA had been delivered to the 
early progenitor cell(s). The highest levels of sgfp (S65T) expression (as in IEIa) appeared 
to be associated with the absence of differentiating plant structures. However, in other 
cases, plantlets could be recovered from green fluorescing somatic embryos and shoot 
primordium structures. 
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4.4 Analysis of putative transformants by PDS·1000/He 
For various reasons, many putative transformants from earlier experiments were not 
analysed; some (including the one with 'blue' root) were discarded before transfer into 
soil. The results reported here were from a few later shooting experiments. 
4.4.1 PPT tolerance test and selection 
Non-transformed control explants were placed on selection medium for the PPT tolerance 
test. Immature embryos of Scamp were pre-cultured on callus induction medium MS-b 
for 1, 2 or 3 weeks before transferring to media PPTO, PPT5, PPTlO or PPT15 
(regeneration medium MS-r supplemented with 0, 5, 10 or 15 mg/l PPT, respectively). 
Twenty immature embryo derived calli were used in each treatment. 
Pre-culture one week 
No green spots (leafy structures) were visible when transferred to PPT medium. On PPTO 
medium, green leafy structures/shoot primordia emerged 5 days after transfer, and 
developed into shoots and roots. No green shoots developed from calli on PPT5, PPTIO 
and PPTI5, and the calli became brown and died. 
Pre-culture two weeks 
There were some light green spots (leafy structures) on the calli which were transferred to 
PPT medium. Green shoots/primordia appeared 2-3 days after transfer to all four media. 
Most of the green shoots/primordia on PPT5, PPTI0 and PPT15 died after 2-3 weeks, and 
the calli became brown. However, some green leafy structures reappeared during the 
fourth week of PPT5 treatment. If these leafy structures were transferred to PPT-free 
medium at this stage, green shoots would develop rapidly and roots would form. 
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Pre-culture three weeks 
Most calli had light green spots/shoot primordia when transferred to PPT medium. Dark 
green shoots/primordia developed the day after transfer. There was not much difference 
between the cultures on the four media during the first week after transfer. Two weeks 
after transfer, roots had developed from the shoots on PPTO. Shoots/primordia on PPT5, 
PPTIO and PPT15 failed to develop roots, though they remained green for weeks. If the 
selection pressure was released, roots would develop from these green shoots. 
PPT selection is liable to inhibit the formation of shoots. Early selection (before 
green leafy structure was formed) could avoid some potential "leakage" problems. 
Medium containing 5mgll PPT efficiently prevented shoot primordia from developing into 
shoots. Medium containing 1 mgll PPT was also used for selection. 
4.4.2 Herbicide resistance test on leaves 
Leaf painting on To plants 
To plants bombarded with pDB 1 and pAHC25 were screened by leaf painting. These 
plants had survived several rounds of PPT selection on medium containing I to 5mgll 
PPT. 1% Challenge solution was applied between two marks (about 5 cm apart) in the 
middle of green leaves. Three or four days after herbicide painting, the green leaf tissue at 
the sites of painting became yellow and died. Within one week, the whole painted area, or 
even the whole leaves became affected. The leaves eventually died. 
Most of the leaves died after the development of the symptoms described above 
which appeared within one week after applying 1 % Challenge. However, two leaves 
survived without developing the symptoms. They belonged to two tillers (S359 and S373) 
produced after different bombardment events, 85-4 and 85-9. Each of the two tillers set 
seeds. 
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Leaf painting on T, plants 
Two levels of Challenge solution, 0.05% and 0.1%, were tested on TI seedlings of lines 
S359, S360, S361 (from the same cluster of shoots) and S373. 0.1% Challenge was 
painted in the middle of each L2 leaf, marked with "=" at the edges of the seedlings, and 
0.05% Challenge on each L3 leaf, marked with "-". The results of the herbicide test were 
recorded 10 days after herbicide application (Table 4-8). The grades "0", "1", "2" and "3" 
were used to describe the increasing herbicide effects. 
The results in Table 4-8 do not show clearly which plants are herbicide resistant. 
In fact, some results look contradictory. It is reasonable to expect that a plant should be 
more sensitive to higher levels of herbicide than to lower levels. However, there were 
some plants with unexpected changes after painting with 0.05% and 0.1 % Challenge. For 
example, plantlet S359-1, the L2 leaf was resistant to 0.1 % Challenge, but the L3 leaf 
developed symptoms at a lower level of herbicide (0.05% Challenge). This was probably 
due to the stage of leaf development. The younger leaf grew more vigorously, so that the 
cell anabolic activity was high and the cell was more sensitive to herbicide (De Block et 
al., 1995). Table 4-9 (a summary of Table 4-8) shows that, at the 0.1 % Challenge level, 
about 20% of the seedlings from lines S359 and S361 were resistant to Challenge (with 
clean leaves), while the control seedlings were sensitive to Challenge by developing varied 
symptoms. 
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Table 4-8 Leafpainting on TJ plants using 0.1% and 0.05% Challenge 
Line Cha1- Seedling number 
lenge I 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 
S359 0.05% I 0 I I 2 I 0 0 I I 3 I 0 2 0 3 I 2 
0.1% Q 2 Q 2 1 3 3 3 3 3 .2 2 2 1 Q. .2 I Q. 
S360 0.05% I O. 0 I 2 2 I 
0.1% 3 I 3 I 3 3 3 
S361 0.05% 0 0 3 O. 2 I 0 0 2 I 2 2 0 I I 2 I I I 
0.1% Q 2 Q. 3 3 2 3 I 3 3 3 I 2 3 Q. 3 Q. I 3 
S373 0.05% 0 2 2 2 2 I 0 0 0 2 I 0 0 0 3 2 
0.1% 3 3 3 3 3 Q 3 I 2 I 3 3 I 3 3 3 
CK 0.05% 2 2 I 3 2 I 2 0 2 0 
(K58) 0.1% 3 3 3 3 3 1 2 3 3 3 
Note: 
The symptoms are classified from Grade 0 to Grade 3: 
Grade 0 or 0.: no visible symptoms, or effects are less than 11100 of painted area; 
Grade 1: less than 1/l 0 of the painted area with symptoms; 
Grade 2: up to half of painted area with symptoms; 
Grade 3: more than half of painted area with symptoms, or whole leaf died. 
2 
I 
For each seedling, 0.1 % Challenge was applied to the L2 leaf; while 0.05% Challenge was 
to the L3 leaf. The plantlets with unexpected reactions are underlined. 
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Table 4-9 The number and frequency of seeding with different grades of symptoms in 
four lines (summary of the results in Table 4-8) 
Line Challenge plant No. of plant (leaf) with Freq. of plant (leaf) with 
tested different symptoms different symptoms (%) 
G.O G.I G.2 G.3 G.O G. I G.2 G.3 
S359 0.05% 18 5 8 3 2 28 44 17 11 
0.1% 18 4 3 6 5 22 17 33 28 
S360 0.05% 7 2 3 2 0 29 42 29 0 
0.1% 7 0 2 0 5 0 29 0 71 
S361 0.05% 20 6 7 6 1 30 35 30 5 
0.1% 20 4 4 3 9 20 20 15 45 
S373 0.05% 16 7 2 6 1 44 12 38 6 
0.1% 16 I 3 1 11 6 19 6 69 
CK 0.05% 10 2 2 5 I 20 20 50 10 
(K58) 0.1% 10 0 I 1 8 0 10 10 80 
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4.4.3 Molecular analysis 
PCR and Southern blots were carried out to analyse gfp expressing and herbicide resistant 
plants. According to Becker et al. (1994), a non-radioactive labelling kit with a DIG 
labelled probe was used for Southern hybridization. Southern hybridization using a DIG 
labelled bar probe has now been routinely used in wheat in other laboratories (Barro et al., 
1998; Cannell et al., 1999). 
However, there were some technical problems with my experiments. The 
sensitivity of the DIG labelled probe was very low. Over 100pg of plasmid DNA was 
necessary for detection. It was impossible to detect low copy numbers of transgenes in the 
wheat background. Therefore, no results were obtained from genomic DNA Southern 
hybridization. Nevertheless, results from PCR and its Southern blot indicated that the 
transgenes were present in the putative transformants. 
4.4.3.1 Analysis of gfp expression 
Plant lE6a1 (/'0 ) 
PCR was carried out using gfp primers to amplify the g/jJ gene in a putative transformed 
plant. Genomic DNA of IE6al (To), a putative transformant with the gfp gene, together 
with three controls were amplified with g/jJ primers. The three controls included a 
positive control (plasmid), a negative control (non-transformed plant genomic DNA), and 
a blank control (no DNA template). 49111 PCR reaction solution excluding a DNA 
template was first added to four PCR reaction tubes. Then the DNA templates were added 
as follows: 
Tube I: I III of pBECKS-sgfp (0.1 ng/Ill) 
Tube 2: I III oflE6al (To) genomic DNA (3f.lg/f.ll) 
Tube 3: If.ll of Kedong 58 genomic DNA (3f.lg/f.lI) 
Tube 4: 1 f.ll H20 (as blank control) 
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PCR programme I was applied for the PCR. After the PCR was completed, 20111 of 
PCR product from each PCR reaction tube was mixed with 2111 tracking dye and loaded 
into slots of a mini-gel. Also Illg A DNA digested with EeoRI and HindIII was loaded as a 
size marker. DNA was revealed using an UV trans-illuminator. One clear band, about 
700bp, appeared in the positive control (plasmid pBECK-sgfp as template). The exact size 
of the gfp gene amplification using the two primers was 735bp. The blank control was 
very clean, that meant that there was no contamination of the PCR. However, the fact that 
there was no band in the PCR products oflE6al and Kedong 58, except a weak band near 
the top of the gel indicated that there were large pieces of genomic DNA template in the 
samples. 
A second round of PCR was performed since no visual band was obtained from the 
first round of PCR. To four tubes (tubes no. 5 to 8) each containing 49111 PCR reaction 
solution (excluding the DNA template), the following were added as DNA templates. 
Tube 5: I III of pBECKS-sgfp (O.lng/lll) (same as tube I) 
Tube 6: I III ofPCR product from tube 2 (IE6al) 
Tube 7: I III ofPCR product from tube 3 (Kedong 58) 
Tube 8: I III of PCR product from tube 4 (blank control) 
PCR programme 11 was applied for the second round of PCR. After the PCR had 
finished, 20111 of PCR product from each tube (tube 5 to tube 8) was loaded in a minigel, 
together with A EeoRII HindIII marker. Under UV light, there was one clear band from 
tube 5 (plasmid as template), plus a band clearly visible from tube 6 (originally IE6al 
genomic DNA as template). This band was the same size as the PCR product from 
plasmid pBECKS-sgfp. There was no band from the negative control (tube 7) or from the 
blank control (tube 8). 
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Another mini-gel was prepared for a Southern blot. 20J,l1 PCR products from tubes 
1, 2, 3 and 4 were loaded in Lanes A, B, C and D, while 20J,l1 PCR products from tubes 6, 
7 and 8 were loaded in Lanes G, H and I, leaving Lanes E and F blank. The gel was run at 
65V for 90 mins, and a photograph was taken under UV light (Fig. 4-58). A clear band 
appeared in Lane G, that was the second round PCR products using the sample from the 
first round IE6al (To) PCR product as a template. The band was at the same molecular 
weight as the positive control (Lane A, PCR product from plasmid pBECKS-sgfp). 
PCR products on the gel (Fig. 4-58, from both the first round and the second round 
of PCR) were Southern transferred to a Quantum Yield™ Hybridization membrane (for 
non-radioactive labeling, Promega) and hybridized with a gfp probe (details of the 
procedure were provided in Chapter 2.8). The hybridization signal was visualized on High 
perfonnance chemiluminescence film (Amersham) by exposing to the hybridized 
membrane for 10 mins (Fig4-5b). Too much amplified gfp gene in Lane A resulted in a 
I 
heavy blot, and the band in Line B (sample from the first round of PCR, using genomic 
IE6al DNA as template) was probably contaminated. A band was formed in Lane G at the 
same size position as the gfp probe. The PCR product of IE6a 1 preferentially banded to 
the gfp probe indicating homology (Fig. 4-5b, Line G). 
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Fig. 4-5 Amplification by PCR of a 735bp region of the sgfp (S65T) gene in genomic 
DNA from leaves of a To plant IE6al (a) and Southern blot analysis of products of PCR 
amplification using DIG labeled sgfp (S65T) probe (b). DNA samples in lines A, B, C and 
D are PCR amplification products from the first round of PCR; lines G, H and I are PCR 
amplification products from the second round of PCR; the far-left line (in a) is a A DNA 












IE6al (To) genomic DNA 
Kedong 58 genomic DNA (negative control) 
H20 (blank control) 
(empty) 
(empty) 
PCR amplification oflE6a 1 (from Line B) 
PCR amplification of Kedong 58 (from Line C) 
PCR amplification of H20 (from Line D) 
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TJ plants of IE6aJ 
PCR was carried out using gfp primers to amplify the gfp gene in the TJ generation plants 
IE6al. Genomic DNA of 6 TJ plants, together with a positive control (a plasmid 
containing the sgfp gene) and a negative control (H20, no DNA template) were amplified 
with sgfp primers using PCR programme III (see Chapter 2, Section 2.8.3). The second 
round of PCR was also perfonned by using l/J.I of first PCR products as DNA templates 
and PCR programme Ill. After the PCR was completed, 10/J.I of PCR product from each 
PCR reaction tube was mixed with 2JlI tracking dye and loaded into the slots of a gel. l/J.g 
A. DNA digested with EcoRI and HindIII was also loaded as a size marker. PCR 
amplifications were visualized in a Bio-Rad Multi-Analyst™/PC (Fig. 4-6). 
The exact size of the sgfjJ gene amplification product using the two primers was 
735bp. The blank (H20) control was very clean, that means there was no contamination of 
the PCR reaction. A fragment (about 735bp) of the sgfp appeared in the positive control 
(plasmid containing sgfp gene as template), while two T J plants showed a faint band after 
the first round of PCR. However, after the second round of PCR, three T J plants showed a 
clear band, at the same position as the plasmid control. 
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A BeD E F G H 
Fig. 4-6 Amplification by PCR of a 735bp region of the sgfp (S65T) gene in genomic 
DNA from the leaves of six TJ plants ofIE6al. Top row, first round ofPCR; bottom row, 
second round ofPCR. The far-left line is A DNA marker digested with EcoRI and HindIII. 
DNA templates in each PCR reaction are as following: 
Line A to F Genomic DNA of six TJ plants ofIE6al 
Line G H20 (blank control) 
Line H Plasmid pBECKS.sgfp(S65T) 
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4.4.3.2 Analysis of herbicide resistant plants 
Two To plants/tillers (S359 and S373) were found to be resistant to 1 % Challenge applied 
by leaf painting. The genomic DNA of five of their T 1 plants was used as templates for 
PCR. The first round of PCR gave no visible PCR products (just like the first round PCR 
in gfp plant) except that the plasmid pDBI produced a clear band at about the 500bp 
position (534bp of the bar gene product should have been produced by PCR). Therefore a 
second round of PCR was carried out. 
A gel was run using the second round of peR products and DNA was visualized 
under UV light. This time, there were smears in all five plant DNA samples, indicating 
that non-specific PCR products were yielded (Fig. 4-7a). 
When the second round of peR products was transferred (on the mini-gel, Fig 4-
7a) to Quantum Yield™ Hybridization membrane and hybridized with the bar probe, 
bands appeared in all five samples at the same position as the bar gene peR product (Fig. 
4-7b, Lane B to F, film exposed to the hybridized membrane for 20 mins). peR 
amplification from genomic DNA of five T 1 plants preferentially bound to the bar probe 
indicating homology. 
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AABCDEFG AABCDEFG 
a b 
Fig. 4-7 Amplification by (second round) PCR of a 534bp region of the bar gene in 
genomic DNA from leaves of five T I plants which were resistant to the herbicide 
Challenge (a), and Southern blot analysis of the PCR amplification product using a DIG 
labeled bar probe (b). DNA samples in each lane are as following: 
Far left line: ').. DNA digested with EcoRI and HindIII; 
Lane A: Plasmid pDB 1; 
Line B to F: Genomic DNA from the five TI plants; 
Line G: Blank control (H20). 
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4.5 DNA delivery into wheat cells mediated by Agrobacterium tumefaciens 
A binary vector, pBECKS.red, was used to test Agrobacterium-mediated wheat 
transformation. It contains the Cl/Lc reporter complex. ScutelIum-derived callus (3 weeks 
old) of wheat (Kedong 58) was co-cultivated with A. tumefaciens strains 
EHAI0l(pBECKS.red) or LBA4404 (pBECKS.red). Transformed cells were identified by 
the change in phenotype (formation of red cells). DNA delivery efficiency was determined 
by counting red cells, which were formed as a result of Cl ILc gene expression (Table 4-
7). 
Red cells could be detected 3 days after co-cultivation (Fig. 4-8). The number of 
calli, which had developed red cells, increased during the first two weeks after co-
cultivation. About 60% of the calli expressed C llLe one week after co-cultivation, and 
80% after two weeks. The red cell number in individual calli was also increased. The 
frequency of red cells was observed to vary for different wheat cultivars and according to 
callus age, Agrobacterium strain and density. High quality explants were important for 
gene delivery. Callus produced from medium containing acetosyringone (AS) gave a 
higher frequency of red cell expression. The highest frequency in a single experiment was 
some 96% based on the numbers of calli targeted, whilst the numbers of red cells in an 
individual callus varied from 1 to more than 200. 
The patterns of transient gene expression are different in Agrobacterium-mediated 
transformation and microprojectile bombardment-mediated transformation. The 
distribution of red cells from Agrobacterium-mediated transformation was not even, but 
patchy (Fig. 4-8). Transformed cells are usually connected to each other, therefore it is 
difficult to count individual transformed cell. In microprojectile bombardment-mediated 
transformation, the transformed cells were distributed evenly on the surfaces of the 
immature embryo scutella or calli (Fig. 4-2). 
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Table 4-7 The efficiency of DNA delivery into wheat (Kedong 58) mediated by 
Agrobacterium strain EHA 101 (pBECKS.red) 
Exp. Total no. No. of calli with red cells (freq.) after co-cultivation 
no. of calli 3 days 4 days 6 days 8 days 10 days 16 days 
I 19 1 2 4 8 (42%) 10 (53%) 13 (68%) 
11 28 7 12 22 23 (82%) 24 (86%) 27 (96%) 
III 26 3 1I 18 20 (77%) 20 (77%) 21 (81%) 
IV 27 0 12 16 17 (63%) 18 (67%) 21 (78%) 
Total 100 II 37 60 68 (68%) 72 (72%) 82 (82%) 
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Fig. 4-8 Transient C1ILe gene expression mediated by A. tumejaeiens. Scutellum-derived 
callus (3 weeks old) of wheat (shown here from immature embryos of wheat ' Kedong 58 ' ) 
was co-cultivated with EHAlOl (pBECKS.red). Photo was taken 3 days after co-
cultivation. 
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4.6 Discussion 
4.6.1 Factors that affect transient gene expression 
Transient gene expression was affected by several factors, such as density of the plasmid 
coating on the particles, explant genotype, plasmid construct, pre-culture time and osmotic 
pre-treatment before particle bombardment. Kedong 58 gives higher Transient gene 
expression than Rascal (Table 4-1). Plasmid pAHC25 seems more effective than plasmid 
pDB 1 in Rascal and Scamp, but there is no significant difference in Kedong 58 (Table 4-
2). Osmotic treatment before particle bombardment significantly enhanced transient gene 
expression in the experiments reported by Vain et al. (1993). Higher concentrations of 
sucrose (5%, 10% and 20%) in the callus induction medium also increased transient gene 
expression. However higher transient gene expression was not necessarily associated with 
stable transfonnation events. Nevertheless, it was an indicator of efficient DNA delivery 
into plant cells. We have recovered putative transformed plants after pre-cultureing 
immature embryos for one day on callus induction medium containing 5% sucrose before 
bombardment (section 4.3.2). 
Using the ClILe red cell marker system as an early indicator, it was possible 
rapidly to optimise the various parameters affecting DNA delivery, in both a biolistic 
bombardment delivery system and an Agrobaeterium-mediated transformation system. 
However, as Cl and Le are anthocyanin-biosynthesis regulatory genes, the over expression 
of the genes is lethal, and may cause cell death. Therefore the Cl ILe red cell marker 
system is not suitable for use as a visual marker for stable transformation. 
4.6.2 Efficiency of bar selection 
The bar gene was effective as a selectable marker. However, this approach required a 
long-term repetitive selection strategy and seemed to suffer from "escapes" from selection 
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of non-transformed material. Furthermore, choosing the appropriate level of the selective 
agent with which to challenge the plant tissue is an empirical problem which can be highly 
case-sensitive. In my experiments, after bombarded with the bar gene, the cultures were 
normally selected on PPT medium for several months, and there were still escapes. Due to 
technical problems, poor Southern results were obtained, and there is no way to estimate 
the transformation frequency. 
Recently, a new positive selectable marker, pmi (manA gene from Escherichia coli 
encoding for phosphomannose isomerase) has been applied in maize and wheat 
transformation (Wright et aI., 2001). The transgenic plants were able to metabolise the 
selection agent, mannose, into a usable source of carbon, fructose. They found that using 
the selectable marker pmi with mannose-containing selection media gave high 
transformation frequencies and few escapes. They also found that pmi performed better 
than bar. 
4.6.3 Agrobacterium-mediated transformation 
In the 1980s, Agrobacterium tumefaciens-mediated transformation was limited to 
dicotyledonous plants and thought to be not readily applicable as a method to produce 
transgenic cereals (Potrykus 1990), following a number of unsuccessful attempts to 
transform cereals using Agrobacterium. However, the situation has dramatically changed 
since A. tumefaciens-mediated transformation was achieved for rice (Chan et al. 1993; 
Hiei et al. 1994) and maize (Gould et al. 1991; Ishida et al. 1996). Recently, 
Agrobaeterium-mediated transformation has been further developed for barley (Tingay et 
al. 1997) and wheat (Cheng et al. 1997; Weir et al. 2001). 
The test of Agrobacterium-mediated wheat transformation was carried out in 
February 1995 using a binary vector, pBECKS.red, which contains the Cl/Le reporter 
complex. Transient ClILc expression was observed (Fig. 4-8). Agrobaeterium-mediated 
123 
Chapter 4: Wheat transfonnation 
wheat transformation was not my focus, therefore it didn't go further. However, the initial 
success aided further research in our laboratory and successful barley transformation (Wu 
et al., 1998). 
4.6.4 A new visual marker gene, gfp , for wheat transformation 
In nature, GFP is made by the jellyfish Aequorea victoria, and has been used as a 
convenient marker in various heterologous systems. The first example of its expression in 
a graminaceous plant was reported by Sheen et al. (1995), where bright GFP expression 
was detected in maize mesophyll protoplasts. These results have since been extended and 
applied to other cereals and grasses (Pang et al. 1996; Elliott et al. 1999; Vain et al. 1998; 
van der Geest and Petolino 1998), including wheat (McCormac et al. 1998; Jordan 2000; 
Weir et al. 2001). Jordan (2000) suggested that transgenic wheat plants could be selected 
on the basis of gfp expression alone although the inclusion of antibiotic resistance as a 
selectable marker could improve the efficiency. 
In my study, the experiments involving the gfjJ gene in wheat transformation were 
tested in June 1996. The sgfjJ (8651) gene was used, which gives more than lOO-fold 
brighter fluorescent signals than the wild version upon excitation with 490 run (blue) light, 
and swifter chromophore formation (Chiu et al., 1996). Putative transformed somatic 
embryos expressing GFP were observed, and they were selected on the basis of GFP 
expression only. This was novel at that time. Due to technical problems, there were no 
convincing Southern results to confirm that the GFP expressing plant was transgenic. 
However, the results from Jordan (2000), who also used the sgfp (8651) gene for wheat 
transformation (by particle bombardment), showed that all plants selected on the basis of 
GFP expression only were later proved transgenic by Southern blots. 
A good epi-fluorescent microscope is essential for observing GFP expression. 
Unlike Jordan (2000) who monitored the GFP using a Leica stereo-fluorescent module 
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attached to a Leica MS5 stereo microscope, the epi-fluorescent microscope I used was 
designed for examining thin specimens on slides, not ideal for observing thick tissues/calli 
on medium. Therefore it was not possible for me to examine the GFP expression of the 




Chapter 5: Barley transformation 
5.1 Introduction 
The research on barley transformation was conducted in the Cereals Research Department, 
lIC, Norwich. All the methods for barley tissue culture, transformation, selection and 
molecular analysis are based on the protocols of the Barley transformation Group in the 
Cereals Research Department, lIC (Harwood et al., 2000). 
Lysine is one of ten essential amino acids which are required in animal diets. 
Dihydrodipicolinate synthase (DHDPS; EC4.2.1.S2) (gene dapA) catalyses the first 
reaction of lysine biosynthesis in plants and bacteria. Plant DHDPS enzymes are strongly 
inhibited by lysine (1-0.5 approximate to 10 mu M), whereas the bacterial enzymes are less 
(50-fold) or insensitive to lysine inhibition (Vauterin et al., 2000). The transfer of bacteria 
dapA gene into plants has the potential to increase lysine level in plants. For this purpose, 
a dapA gene from E. coli was used for barley transformation into barley cv Golden 
Promise. The construct was prepared in Udine, Italy (during an INCa - COPERNICUS 
programme funded by the EU). Plasmid DNA was delivered into barley immature embryo 
scutellum tissue by biolistic bombardment. The bar gene, which encodes the enzyme 
phosphinothricin acetyl transferase (PAT), was used as a selectable marker gene. Co-
transformation was carried out by using two plasmids, pDAPH7 and pALS I. The 
pDAPH7 plasmid contains the dapA gene under the control of a 35S promoter; whilst the 
pAL51 plasmid contains the luc gene and the bar gene, both under the control of maize 
ubiquitin (ubi-I) promoters. Putative transgenic barley plants were obtained and confirmed 
by BAR and/or LUC expression. PCR results showed that some plants were DAPA 
positive. Due to the limited time in JIC, Southern analyses of putative transgenic plants 
were not completed. Nevertheless the work has been included in this thesis, because 
another visual marker gene luc was involved, and could be compared with the visual 
marker genes Cl ILe and gfp, which were used in wheat transformation. 
127 
Chapter 5: Barley transfonnation 
5.2 Results 
5.2.1 Bialaphos selection and plant regeneration 
The scutellum of the immature embryo (lE) started to grow within a few days of culture 
initiation. Almost all of the embryos produced callus at the end of the first bialaphos 
selection (2 weeks after embryo culture). Somatic embryo (SE) structures were observed 
at this stage. After cutting the callus into small pieces (2 to 4 pieces per embryo) and 
transferring them to the 2nd selection medium (about 10 IEs per dish), some SEs 
continued to grow, but most of them de-differenciated and produced new callus (just like 
the immature embryos on the initial callus induction medium), and secondary somatic 
embryos. During selection, some callus turned brown and died; some remained compact 
and grew. Approximately 70% of the IEs survived after the 2nd round of selection. Callus 
was divided into small pieces and transferred to DBC3B medium (about 5 IEs per dish). 
About 30% of the IEs survived after the 3rd selection. After transfer of the surviving 
callus to regeneration medium FWG 1 B for the 4th and the 5th rounds of selection, some 
SEs developed green leafy structures, and then leaf primordia emerged, as in the case of 
wheat somatic embryogenesis. 10% of the IEs produced green shoots (1 to 10 shoots per 
lE). 
After 5 rounds ofbialaphos selection (2xBCI5B, DBC3B, 2xFWGIB) (ten weeks), 
122 green plantlets (from 77 immature embryos) were recovered and transferred to tubes 
containing BCIl B medium. However, most of them turned yellow within 2-3 weeks and 
seemed sensitive to bialaphos. Many callus lines grew readily on FWG 1 B medium, and 
expressed I uciferase. However they were not regenerable, perhaps due to the prolonged 
culture period, or over expression of foreign genes. Nevertheless, thirty healthy plantlets 
(derived from 21 immature embryos) were transferred from the tubes (with BCIlB 
medium) to soil for further analysis. Table 5-1 summarised the results of selection. 
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Transformants were obtained from IEs of all sizes (1.0-1.5mm, 0.5-1.0mm or 0.3-
0.5mm) through two experiments (Table 5-2). There was no difference in the callus 
induction frequency between differently sized IEs in the first experiment. In the second 
experiment, young IEs seemed to achieve a higher frequency of callus induction (96% 
compared with 87% and 81 %) 4 weeks (2xBCI5B) after initial culture. However the 
difference was reduced two weeks later after DBC3B selection (36% compared with 33% 
and 40%). In both experiments, the frequency of callus induction from luciferin treated IEs 
was rather low (64% after 4 weeks selection, and 20% after 6 weeks selection), compared 
with the figures from the total population (71 % and 28% respectively) (Table 5-2). 
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Table 5-1 Summary ofbialaphos selection procedure. 
Selection Duration Selection lE to this medium Density Culture 
(after inital lE culture) medium no. percentage IE/dish(9cm) condition 
1st Week I and 2 BCI5B 804 100% 20 in dark 
2nd Week 3 and 4 BCI5B 795 99% - 10 in dark 
3rd Week 5 and 6 DBC3B 573 71% -5 dim light 
4th Week 7 and 8 FWGIB 222 28% I to 5 in light 
5th Week 9 and 10 FWGIB \08 \3% 1 to 5 in light 
6th Week 11 to \3 BCIIB 77 10% I (in tube) in light 
Note: lE = immature embryo. 
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Table 5-2 Number and frequency of surviving embryos on each selection medium. 
Also showing numbers of herbicide resistant plants. 
lE Initial IEs which survived after selection Herbicide 
size lE no. BCI5B DBC3B FWGIB BCIlB resistant 
(mm) no. (freq.) no. (freq.) no. (freq.) no. (freq) no. (freq) 
Exp. I 
1.0-1.5 176 98 (56%) 34 (19%) 16 (9%) 7 (4%) 2 (1%) 
0.5-1.0 148 83 (56%) 30 (20%) 6 (4%) 3 (2%) 2 (1%) 
mixed • 42 18(43%) 6 (14%) 
Subtotal 366 199 (54%) 70 (19%) 22 (6%) 10 (3%) 4 (1%) 
Exp. 11 
1.0-1.5 145 117 (81%) 59 (40%) 28 (19%) 7 (5%) 3 (2%) 
0.5-1.0 180 157 (87%) 59 (33%) 22 (12%) 2 (1%) I (0.5%) 
0.3-0.5 58 56 (96%) 21 (36%) 5 (8%) 2 (3%) I (1.7%) 
mixed • 55 44 (80%) 13 (24%) 
Subtotal 438 374 (58%) 152 (35%) 55 (13%) 11 (3%) 5 (1%) 
Total 804 573 (71%) 222 (28%) 77 (10%) 21 (3%) 9(1%) 
Note: * Used for transient luc expression test. lE = immature embryo. 
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5.2.2 Transient luc gene expression 
Transient luc gene expression was checked 2-4 days after bombardment. Two to three 
embryos from each bombardment plate were analysed for luc gene expression. For Golden 
Promise, the frequencies of transient luc expression were 81 % (34 out of 42 immature 
embryos) in the first experiment and 100% (55 out of 55 immature embryos) in the second 
experiment. The transient expression of luciferase in the majority of IEs indicated that 
plasmid DNA was efficiently delivered into target cells. 
5.2.3 Stable transgene expression 
Stable bar gene expression was tested by painting the leaves with a 1 % solution of the 
herbicide Challenge. Nine lines were herbicide resistant, and six lines expressed the 
luciferase gene (Table 5-3). The expression of the dapA gene was not tested. 
5.2.4 Polymerase chain reaction (peR) 
Primary PCR results showed that, among the 21 independent lines transferred to soil, 13 
lines were bar PCR positive. Later analysis results showed that nine lines were herbicide 
resistant and they were all bar peR positive. Seven of the lines were PCR positive for luc, 
although one line failed to express the luciferase gene. Six of the nine lines were PCR 
positive for the dapA gene. Among these nine transgenic lines, five contained all three 
genes (HI 2, HI 5, HI 7, HI 8 and HI 9); two contained both bar and luc (HI 1 and HI 4); 
one contained both bar and dapA (HI 6) and one contained bar only (HI 3) (Table 5-3). 
5.2.5 Fertility of transgenic lines 
Six of the nine lines were fertile and three were sterile (Table 5-3). These three sterile 
lines contained all three transgenes (bar, luc and dapA). Only two lines (Line HI 8 and 
Line HI 9) with all three genes were fertile. 
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Table 5-3 A list of transgenic barley plant lines, showing bar and luc gene expression 
results, peR results and fertility. 
Clone Line No. of PCR results Gene expression Fertility 
No. code plants BAR LUC DAPA bar luc fertile sterile 
HI 1 2A 3 + + + + F 
HI2 21A 1 + + + + + S 
HI3 23A 5 + + F 
HI4 27A 1 + + + + F 
HIS 28A 1 + + + + + S 
HI6 32A 2 + + + F 
HI7 88A I + + + + + S 
HI8 98A 1 + + + + F 
HI9 7A 2 + + + + + F 
Total 9 17 9 7 6 9 6 6 3 
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5.3 Discussion 
The work using genes dapA. bar and luc for co-transformation in barley was novel at the 
time when it was carried out in 1998. Although I didn't have time to do Southern analyses 
of putative transgenic barley plants produced in this experiment, I was involved in 
molecular analyses of putative transgenic barley plants obtained previously by other 
members in the same group. Generally speaking, the putative transgenic plants which 
showed herbicide resistance and were BAR PCR positive could be confirmed by Southern 
blots (using radio active labelling). The expression of LUC at the plant level (leaves) was 
also an indication of transformation. 
5.3.1 Transformation frequency 
In two barley transformation experiments, 804 immature embryos of Golden Promise were 
bombarded with plasmids pDAPH7 and pALS I. There were a total of nine independently 
transformed lines that were herbicide resistant and bar PCR positive. Some of these lines 
had more than one primary transformant (up to 5) (Table 5-3). For the bar gene, the 
transformation frequency was about 1 %. Seven out of the nine lines were PCR positive for 
the luc gene, which was in the same construct as the bar gene. Six of the nine lines were 
PCR positive for the dapA gene, which was in a different plasmid construct. The co-
transformation frequency for bar and luc (in the same plasmid construct) was 77%; for bar 
and dapA (in a different plasmid construct) was 66%; and for luc and dapA (again in a 
different plasmid construct) it was 55%. There may have been some transformants that 
contained the luc and/or the dapA gene but did not survive during the bialaphos selection. 
5.3.2 Selection efficiency 
Bialaphos and PPT are strong inhibitors of glutamine synthetase. It is believed that 
inhibition of glutamine synthetase blocks the metabolism of ammonia, leading to ammonia 
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accumulation to levels which are toxic and result in the death of the plants (Tachibana et 
al., 1986). The bar gene, isolated from Streptomyces hygroscopicus, encodes the enzyme 
phosphinothricin acetyltransferase (PAT) (Murakami et al., 1986). The expression of the 
bar gene acetylates the free amino group of PPT and detoxifies it. 
The bialaphos system has proved to facilitate very efficient selection of barley 
transfonnants which contain the bar gene. However, the selection is not tight, therefore 
there are some escapes. Table 5-2 shows the efficiency of each selection medium. From a 
total of 804 immature embryos, about 70% of the IEs (573 IEs) survived after two BCI5B 
selection steps. Forty percent of the surviving lE lines (222 lE lines) went through DBC3B 
selection. Half of the lines (108 lE lines) transferred to the first FWGIB medium produced 
green shoots, and 70% of them (77 lines) survived on the second FWG I B medium. 
However, only 30% of the lines (21 lines) survived on BCIl B medium. Most plantlets 
regenerated on the second FWG 1 B medium were bleached during this last bialaphos 
selection (on BCll B medium). 
The plantlets with healthy roots on BCI 1 B medium were not guaranteed to be 
transgenic. After 6 rounds of bialaphos (concentration from 1 mg/l to 5 mgll) selection 
lasting about 3 months, 21 lines survived and were transferred to soil. Only 9 lines proved 
to be herbicide resistant and bar PCR positive. That means about 60% of the surviving 
lines (after bialaphos selection) were escapes. 
The selection pressure of BCIl B medium seems stronger than that of FWG 1 B, 
perhaps due to the absence of glutamine in BCIl B. De Block et al. (1995) studied the 
selection mechanism of phosphinothricin in vitro. They found that tissues with a high 
anabolic activity were more sensitive to the toxicity of ammonium than tissues with a low 
anabolic activity. However, tissues with a low anabolic and high catabolic activity were 
more sensitive to glutamine deprivation. A reduced glutamine level in the regeneration 
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medium may help to reduce early escapes, however the plant regeneration frequency will 
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6.1 Plant regeneration pathway 
Somatic embryogenesis is the development from somatic cells, through an orderly series 
of characteristic morphological stages, of structures that resemble zygotic embryos 
(Emons, 1994). The characteristic developmental stages of dicotyledon embryogenesis are 
the globular, heart and torpedo (=cotyledon) stages. These stages for maize embryogenesis 
include globular and club-shaped or ovoid stages followed by development of a bipolar 
embryo axis attached to the scutellum, the embryo's storage organ, the cotyledon-stage. 
Somatic embryos can develop directly on an explant from organized tissue, from isolated 
protoplasts or from microspores, or indirectly from callus or cells in suspension culture or 
primary embryoidic structures (Williams and Maheswaran, 1986). Indirect and direct 
somatic embryogenesis should be seen as two extremes of one continuum: in indirect 
somatic embryogenesis the embryos develop up to the (pre )-globular stage, then secondary 
embryos start to appear from the surface of the primary embryos (Raemakers et al., 1995). 
In direct somatic embryogenesis, the embryos will not only directly form from somatic 
cells, they also mature to fully formed embryo proper before secondary embryogenesis 
occurring under the influence of exogenous hormones (Raemakers et al., 1995) .. When 
embryoids arise from a population of proliferating embryonic cells, such as the typical 
scutellar callus of cereals, the distinction between 'direct' and 'indirect' somatic 
embryogenesis becomes trivial, and is perhaps only of interest if the number of mitotic 
cycles between explant and regenerant is to be minimized, e.g. to avoid somaclonal 
variation (Williams and Maheswaran, 1986). 
Evidence for somatic embryogenesis from the scutellar tissue of immature embryo 
of wheat was first reported by Ozias-Alins and Vasil (1982). Magnusson and Bornman 
(1985) provided anatomical observations on somatic embryogenesis from scutellar tissues 
of immature embryos of wheat. Somatic embryos were observed as early as six days after 
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culturing immature embryos of wheat in vitro on 2,4-D containing nutrient media. Somatic 
embryos may form from three basic tissue types of scutellum dermal, ground and vascular 
(Magnusson and Bornman, 1985). However, weather somatic embryos originate from 
single cells of these tissues or a group of cells is not known in wheat. 
During microprojectile bombardment, tungsten and gold particles coated with 
plasmid DNA can penetrate into or through the dermal cells. Cells being were penetrated 
by particles and survived the first 48 h after bombardment, have a good chance for foreign 
DNA to integrate into its genome (Hunold et al. 1994). Ideally the transgenic plant is 
obtained via direct somatic embryogenesis from a single transformed cell, or via indirect 
somatic embryogenesis from callus or tissue that originated from a single transformed cell. 
This is to avoid formation of chimeric transgenic plants. 
In my experiments using sgfp (S65T) for wheat transformation, immature embryos 
were pre-cultured for one day before biolistic bombardment. A somatic embryo at about 
400 Ilm expressing GFP was observed 12 days after gene delivery (Fig. 3-9). The 
expression was uniform and had a clear cell lineage associated with the embryo proper. 
This result indicates that transformation and DNA integration occurred at the single cell 
stage, which led to formation of transformed somatic embryos .. This result also suggested 
that somatic embryogenesis process was triggered two days after the initial culture. 
Early detection of transformants avoids an unnecessarily long tissue culture and 
selection period, which not only speeds up the transformation procedures, but also reduces 
somaclonal variation in the transgenic plants (Bregitzer et al., 1998). The new visual 
marker gene sgfp (S65T) has proved to be a promising marker in wheat transformation 
(Jordan, 2000). As demonstrated here, GFP can function both as a real-time in vivo 
reporter and as a screenable marker. The major advantage of using sgfp as a reporter is 
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that the whole developmental sequence of transformants can be followed without 
damaging them. 
Pre-culture of wheat immature embryos for 5-7 days before particle bombardment 
may increase the plant regeneration frequency. However, the chance of getting chimeric 
plants is also increased. Somatic embryos had been observed as early as six days after 
subculturing immature embryos of wheat (Magnusson and Bornman, 1985). 
Microprojectile bombardment performed at this stage results in somatic embryos which 
are partially transformed. If these partially transformed somatic embryos developed into 
plants directly, they would be chimeric, as we have seen in many reports. This drawback 
could be prevented by induction of secondary somatic embryos (Raemakers et al., 1995). 
Therefore, longer tissue culture periods will be needed, and somaclonal variation in the 
transgenic plants may be increased. 
6.2 Comparison of marker genes in plant transformation 
In this investigation, four reporter systems were used for transformation experiments: 
three in wheat (gusA, ClILe and sgfp ) and one in barley (lue). Both gusA and ClILe were 
suitable for transient gene expression tests. However, analysis of gusA expression was 
destructive, and it was impossible to follow the dynamic changes of gene expression in 
situ over a period of time. In contrast, the expression of Cl ILe was readily followed 
without any enzyme assay; so the observations were more direct and it was possible to 
follow dynamic changes of transgene expression in situ over a period of time. 
By using the Cl/Le red cell marker system as an early indicator of transformation, 
it was possible rapidly to optimise the various parameters affecting DNA delivery, by both 
the biolistic bombardment system and the Agrobaeterium-mediated transformation system. 
However, Cl and Le are anthocyanin-biosynthesis regulatory genes, whose over 
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expression is lethal, and may cause cell death. Therefore the Cl ILe red cell marker system 
was not suitable for use in stable transformation. 
The signal from another visual marker lue is the result of an enzymatic reaction, 
and the observation of luciferase activity relies on a low light imaging system 
(luminograph). The expression of LUC from tissues (leaves or roots) of putative 
transgenic plants can be readily detected. To test transient lue expression, it seems 
impossible to identify individual 'glowing' cells within a target tissue, because a 
microscope could not be combined with a luminometer (Berthold LUMA T LB9501). 
A synthetic green fluorescent protein gene, sgfp (S65T). was used during studies of 
wheat transformation in 1996. The expression of the sgfp (S65T) gene in regenerating 
cultures was followed using epifluorescence microscopy. Green fluorescence was detected 
within multicellular structures including undifferentiated callus, somatic embryos and 
shoot primordium structures. The sequential epifluorescent screens allowed detection of 
the GFP signal within early embryogenic structures without the aid of a selectable marker, 
thus, this gene can be used as an independent co-transformation marker. 
In my experiment, the signal of transient sgfp (S65T) expression looked weaker 
than those from gusA and Cl/Le. However, the transient sgfp (S65T) expression can be 
efficient (Jordan, 2000), and comparable with the Cl/Le system. Both of the systems, 
ClILe and gfp , are ideal for transient gene expression experiments designed to optimise 
transformation conditions or to test plasmid constructs. 
Although the visual marker genes gfp and lue have been used in plant 
transformation, the recovery of the transgenic plants generally relied upon a combination 
of selectable markers which enabled selection on a herbicide or antibiotic (Pang et al., 
1996; Nagatani et al., 1997; Vain et al., 1998; Baruah Wolff et aI., 1999). In this study, 
barley plants with the lue gene were obtained by selection via the bar gene (co-
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transformed with luc) using bialaphos. The wheat plant with sgfp was not selected by use 
of a herbicide or antibiotic. Instead, it was "picked up" by the signal of GFP activity (Fig. 
3-9, Fig. 4-4). The in vivo detection of the GFP signal was followed in regenerating 
embryogenic structures of wheat, after gene delivery to immature embryos by 
microprojectile bombardment. Jordan (2000) confirmed that transgenic wheat plants could 
be selected on the basis of gfp expression alone, although the inclusion of anti-biotic 
resistance as a selectable marker could improve the efficiency. 
6.3 GFP as a promising visual marker for screening and selection of 
transformants 
Assays for most of the reporter genes currently used are destructive; therefore it is not 
possible to follow the development of a cell produced during an individual transformation 
event. The major advantage of using gfp as a reporter is that the whole developmental 
process of transgenic material can be followed without damaging the transformants. The 
gfp gene can function as an in vivo reporter for co-transformation. 
Since the initial optimism about the potential application of gfp as a universal 
reporter, the detection of GFP fluorescence within transformed tissues of various plant 
species has been associated with highly variable degrees of success. Poor OFP signaling 
has been attributed to a range of causes including cryptic splicing (Haseloff and Amos, 
1995), slow chromophore formation, low fluorescence and inefficient expression (Cubitt 
et al., 1995). This has indicated that it is necessary to carry out a case-by-case assessment 
of the validity of applying gfp as an in vivo marker. 
In this study we used a synthetic version of gfp which has previously been 
demonstrated to allow increased efficiency of expression within cells of maize (Chiu et al., 
1996). The gene also contained the S65T mutation which confers enhanced fluorescence 
under blue wavelengths and, thereby, minimizes photobleaching and phototoxicity effects 
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(Heim et al., 1995); this is clearly beneficial for the sequential screening of material 
required to undergo differentiation. We have found that, following microprojectile-
mediated DNA delivery to immature embryos of wheat, expression of sgfp (S65T) 
produced a detectable and distinctive fluorescence of the intact cells at the scutellar 
surface. OFP fluorescence could also be detected within the callus outgrowths and in the 
organized early embryogenic structures and shoot primordia derived from these cells. The 
OFP marker remained discrete to the expressing cells and organs, and hence allowed 
unambiguous distinction between neighbouring transformed and non-transformed tissues. 
The OFP signal was observed within the transformed callus and differentiating 
structures over a prolonged period of time (1-2 months) subsequent to the initial DNA 
delivery, and the cell-discrete signal was located throughout multi-cellular structures 
arising from (presumably) a single transformed cell, so it seems that these transformation 
events were stable. The loss of in vivo detectability of OFP within the more mature leaf 
structures may have been due to a change in the efficiency of expression but is more likely 
to have been a reflection of the complexity of the tissue, including the accumulation of 
chlorophyllous pigments which can interfere with visualization of the OFP signal. Apart 
from this observation, it was not possible to relate the intensity of the GFP signal to 
specific differentiated tissue-types, as there was considerable variation in the fluorescence 
pattern between the individual somatic embryos. 
It is clear from previous reports that OFP detection in intact plant tissues demands 
a high level of expression of the gene (Baulcombe et al., 1995; Chiu et al., 1996). The 
CaMV 35S promoter, which was used here to drive expression of the sgfp (S65T) gene, is 
known to confer low/intermediate levels of expression, only, within cells of the cereal 
species (Last et al., 1991; Christensen and Quail, 1996). Substituting a more efficient 
promoter may extend the tissue-range of OFP detection. However, both this study and 
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those of Chiu et af. (1996) and Haseloff and Amos (1995) have indicated a possible 
deleterious effect of very high level gfp expression on the differentiation of transformants. 
Therefore, it may not be advisable to deliberately increase expression. Furthermore it was 
noted that the demarcation of regenerating plantlets, on the basis of sequential 
observations of gfp expression in early embryogenic structures, provided an adequate 
screen. By using this strategy, it is not vital that the OFP marker is stably expressed in 
order for it to function as a transformation marker for co-delivered genes. 
The exposure to blue light (in order to detect green fluorescence) seemed not to 
harm tissue growth and plant development. In this study, the transformed plant IE6al, 
which had been repeatedly exposed to blue light, developed normally and set seeds. 
It is concluded that sgfp (S65T) can function in wheat as a non-destructive co-
transformation marker for genes of agronomic relevance. The innocuous nature of this 
marker, with regard to its release into a field environment, makes it an attractive 
alternative to herbicide- and antibiotic-resistance markers, but the favoured strategy is 





Ahlandsberg S, Sathish P, Sun ex, Jansson C (1999) Green fluorescent protein as a 
reporter system in the transformation of barley cultivars. Physiologia Plantarum 107: 194-
200 
Akiyoshi DE, Klee H, Amasino RM, Nester EW, Gordon MP (1984) T-DNA of 
Agrobacterium tumefaciens encodes an enzyme of cytokinin biosynthesis. Proc. Natl 
Acad. Sci. USA 81: 5994-5998 
Altpeter F, Vasil V, Srivastava V, Vasil IK (1996a) Integration and expression of the 
high-molecular-weight glutenin subunit IAxl gene into wheat. Nature Biotechnology 14: 
1155-1159 
Altpeter F, Vasil V, Srivastava V, Stoger E, Vasil IK (1996b) Accelerated production of 
transgenic wheat (Triticum aestivum L.) plants. Plant Cell Reports 16: 12-17 
Altpeter F, Diaz I, McAuslane H, Gaddour K, Carbonero P, Vasil IK (1999) Increased 
insect resistance in transgenic wheat stably expressing trypsin inhibitor CMe. Molecular 
Breeding 5: 53-63 
Baga M, Repellin A, Demeke T, Caswell K, Leung N, AbdelAal ES, Huel P, Chibbar 
RN (1999) Wheat starch modification through biotechnology. Starch-Starke 51: 111-116 
Baga M, Nair RH, Repellin A, Scoles GJ, Chibbar RN (2000) Isolation of a cDNA 
encoding a granule-bound 152-kilodalton starch-branching enzyme in wheat. Plant 
Physiology 124: 253-263 
Ballas Nand Citovsky V (1997) Nuclear localization signal binging protein from 
Arabidopsis mediates nuclear import of Agrobacterium VirD2 protein. Proc. Natl Acad. 
Sci. USA 94: 10723-10728 
Barro F, Rooke L, Bekes F, Gras P, Tatham AS, Fido R, Lazzeri PA, Shewry PR, 
Barcelo P (1997) Transformation of wheat with high molecular weight subunit genes 
results in improved functional properties. Nature Biotechnology 15: 1295-1299 
Barro F, Cannell ME, Lazzeri PA, Barcelo P (1998) The influence of auxins on 
transformation of wheat and tritordeum and analysis of transgene integration patterns in 
transformants. Theor Appl Genet 97: 684- 695 
Barro F, Martin A, Lazzeri P A, Barcelo P (1999) Medium optimization for efficient 
somatic embryogenesis and plant regeneration from immature inflorescences and 
immature scutella of elite cultivars of wheat, barley and tritordeum. Euphytica 108: 161-
167 
Barry GF, Rogers DA, Fraley RT and Brand L (1984) Identification of a cloned 
cytokinin biosynthetic gene. 81: 4776-4780 
145 
References 
BaruahWolff J, Harwood WA, Lonsdale DA, Harvey A, Hull R, Snape JW (1999) 
Luciferase as a reporter gene for transfonnation studies in rice (Oryza sativa L.). Plant 
Cell Reports 18: 715-720 
Bauh:ombe DC, Chapman S, Cruz SS (1995) Jellyfish green fluorescent protein as a 
reporter for virus infections. The Plant Journal 7: 1045-1053 
Beeker D, Brettsehneider R, Lorz H (1994) Fertile transgenic wheat from 
microprojectile bombardment of scutellar tissue. The Plant Journal 5: 299-307 
Bevan M (1984) Binary Agrobacterium vectors for plant transfonnation. Nucleic Acids 
Res 12: 8711-8721 
BIOTOL (Biotechnology by open learning) (1991) Biotechnological Innovations in Crop 
Improvement, 1991, Butterworth-Heinemann 
Bireh RG (1997) Plant transfonnation: Problems and strategies for practical application. 
Ann. Rev. Plant PhysioI. Plant Molec. BioI. 48: 297-326 
Blaekman JA and Payne PI (1987) Grain quality. In Lupton FGH (ed) Wheat Breeding. 
University Press, Cambridge, pp 455 
Bleebl AE, Anderson OD (1996) Expression of a novel high-molecular-weight glutenin 
subunit gene in transgenic wheat. Nature Biotechnology 14: 875-879 
Blecbl AE, Le HQ, Anderson OD (1998) Engineering changes in wheat flour by genetic 
transfonnation. Journal of Plant Physiology 152: 703-707 
Bliffeld M, Mundy J, Potrykus I, Futterer J (1999) Genetic engineering of wheat for 
increased resistance to powdery mildew disease. Theor Appl Genet 98: 1079- 1086 
Borlaug NE (1997) Feeding a world of 10 billion people: the miracle ahead. Dr Nonnan E 
Borlaug's lecture on 31 sI May 1997 at De Montfort University in Leicester, UK 
(http://W\\w.dmu.ae . uk/ dept/ se hools/app-sei/bi o-sci/nb 1 ect. html) 
Bower R, Elliott AR, Potier BAM, Birch RG (1996) High-efficiency, microprojectile-
mediated cotransformation of sugarcane, using visible or selectable markers. Molecular 
Breeding 2: 239-249 
Brauer G, JaehneGaertner A, Brettsehneider R, Lorz H, Beeker D (1997) 
Transfonnation of barley and wheat with a stilbene synthase gene in order to produce 
plants with an increased fungal resistance. Plant Physiology 114: SS 1554 
Bregitzer P, Halbert SE, Lemaux PG (1998) Somaclonal variation in the progeny of 
transgenic barley. Theor Appl Genet 96: 421- 425 
Buehmann I, Mamer FJ, Sehroder G, Waffensehmidt Sand Sehorder J (1985) 
Turnor genes in plants: T-DNA encoded cytokinin biosynthesis. EMBO J. 4: 853-859 
146 
References 
Bushnell WR, Somers DA, Giroux RW, Szabo LJ, Zeyen RJ (1998) Genetic 
engineering of disease resistance in cereals. Canadian Journal of Plant Pathology 20: 137-
149 
Cannel ME, Doherty A, Lazzeri P A, Barcelo P (1999) A population of wheat and 
tritordeum transformants showing a high degree of marker gene stability and heritability. 
Theor Appl Genet 99: 772-784 
Cao J, Duan X, McElroy D, Wu R (1992) Regeneration of herbicide resistant transgenic 
rice plants following microprojectile mediated transformation of suspension culture cells. 
Plant Cell Reports 11: 586-591 
Chalfie M, Tu Y, Euskirchen G, Ward WW, Prasher DC (1994) Green fluorescent 
protein as a marker for gene expression. Science 263: 802-805 
Chan MT, Chang HH, Ho SL, Tong WF, Yu SM (1993) Agrobacterium-mediated 
production of transgenic rice plants expressing a chimeric a-amylase promoter/p-
glucuronidase gene. Plant Molecular Biology 22: 491-506 
Chawla HS, Cass LA, Simmonds JA (1999) Expression of anthocyanin pigmentation in 
wheat tissues transformed with anthocyanin regulatory genes. Current Science 76: 1365-
1370 
Chen DF, Xia Z-a (1986) Somatic embryo formation and plant regeneration from 
cultured young inflorescence of Polypogon fugax Nees Steud. Acta Phytophysiologica 
Sinica 12: 333-341. 
Chen DF, Xia Z-a (1987) Plant and somatic embryo formation from protoplast cultures of 
Polypogonfugax Nees Steud. Academia Sinica (Series B) 29: 54-60. 
Chen WP, Gu X, Liang GH, Muthukrishnan S, Chen PD, Liu DJ, Gill BS (1998) 
Introduction and constitutive expression of a rice chitinase gene in bread wheat using 
biolistic bombardment and the bar gene as a selectable marker. Theor Appl Genet 97: 
1296-1306 
Chen WP, Chen PD, Liu DJ, Kynast R, Friebe B, Velazhahan R, Muthukrishnan S, 
Gill BS (1999) Development of wheat scab symptoms is delayed in transgenic wheat 
plants that constitutively express a rice thaumatin-like protein gene. Theor Appl Genet 99: 
755-760 
Cbeng M, Fry JE, Pang S, Zhou H, Hironaka CM, Duncan DR, Conner TW, Wan Y 
(1997) Genetic transformation of wheat mediated by Agrobacterium tumefaciens. Plant 
Physiol. 115: 971-980 
Chilton MD, Currier TC, Farrand SK, Bendich AJ, Gordon MP, Nester EW (1974) 
Agrobacterium tumefaciens DNA and PS8 bacteriophage DNA not detected in crown gall 
tumours. Proc Natl Acad Sci USA 71: 3672-3676 
Chiu W, Niwa Y, Zeng W, Hirano T, Kobayashi H, Sheen J (1996) Engineered GFP as 
a vital reporter in plants. Current Biology 6: 325-330 
147 
References 
Christensen AH and Quail PH (1996) Ubiquitin promoter-based vectors for high-level 
expression of selectable and/or screenable marker genes in monocotyledonous plants. 
Transgenic Research 5: 213-218 
Christou P, Ford TL, Kofron M (1991) Production of transgenic rice (Oryza saliva L.) 
plants from agronomically important indica and japonica varieties via electric discharge 
particle acceleration of exogenous DNA into immature zygotic embryos. Bio/Technology 
9: 957-962 
Citovsky V and Zambrysly P (1993) Transport of nucleic acids through small holes. 
Annu.Rev. Microbiol. 47: 167-197 
Cody CW, Prasher DC, Westler WM, Prendergast FG, Ward WW (1993) Chemical 
structure of the hexapeptide chromophore of the Aequorea green fluorescent protein. 
Biochemistry 32: 1212-1218 
Conway G (1997) The doubly green revolution: Food for all in the 21 st century. Penguin 
book,London 
Crameri A, Whitehom EA, Tate E, Stemmer WPC (1996) Improved green fluorescent 
protein by molecular evolution using DNA shuffiing. Nature Biotechnology 14: 315-319 
CropBiotech.Net (2004) Global Knowledge Center on Crop Biotechnology website 
http://www .isaaa.org/kc/ 
Crossway A, Oakes JV, Irvine JM, Ward B, Knauf VC and Shewmaker CK (1985) 
Integration of foreign DNA following microinjection of tobacco mesophyll protoplasts. 
Mol. Gen. Genet. 202: 179-185 
Cubitt AB, Heim R, Adams SR, Boyd AE, Gross LA, Tsien RY (1995) Understanding, 
improving and using green fluorescent proteins. Trands Biochem Sci 20: 448-455 
Dale PJ, Irwin JA, Schemer JA (1993) The experimental and commercial release of 
transgenic crop plants. Plant Breeding 111: 1-22 
Datta SW, Peterhans A, Datta K, Potrykus I (1990) Genetically engineered fertile 
indica- rice recovered from protoplasts. Bio/Technology 8: 736-740 
Day PR, Lupton FGH (1987) Future prospects. In: Lupton FGH (ed) Wheat Breeding. 
University Press, Cambridge, pp 539-552 
De Block M, Herrera-Estrella L, Van Montagu M, Schell J, Zambryski P (1984) 
Expression of foreign genes in regenerated plants and their progeny. EMBO J 3: 1681-
1689 
De Block M, De Sonville A, Debrouwer D (1995) The selection mechanism of 
phosphinothricin is influenced by the metabolic status of the tissue. Planta 197: 619-629 
D'Halluin K, Bonne E, Bossut M, De Beuckeleer M, Leemans J (1992) Transgenic 
maize plants by tissue electroporation. Plant Cell 4: 1495-1505 
148 
References 
Dong J, Teng W, Buchholz WG, Hall TC (1996) Agrobacterium-mediated 
transformation of Javanica rice. Molecular Breeding 2: 267-276 
Ebinuma H, Sugita K, Matsunaga E, Yamakado M (1997) Selection of marker-free 
transgenic plants using the isopentenyl transferase gene. P Natl Acad Sci USA 94: 2117-
2121 
Ebinuma H, Sugita K, Matsunaga E, Endo S, Yamada K, Komamine (2001) Systems 
for the removal of a selection marker and their combination with a positive marker. Plant 
Cell Rep 20: 383-392 
Edwards K, Johnson C, Thopson C (1991) A simple and rapid method for the 
preparatiom of plant genomic DNA for PCR analysis. Nucleic Acids Research 19: 1349 
Elliott AR, Campbell JA, Dugdale B, Brettell RIS, Grof CPL (1999) Green fluorescent 
protein facilitates rapid in vivo detection of genetically transformed plant cells. Plant Cell 
Reports 18: 707-714 
Emons AMC (1994) Somatic embryogenesis: cell biological aspects. Acta Bot. Neerl. 43: 
1-14 
FAO (2001) Current world food situation. FAO (Food and Agriculture Organization of the 
United Nations) Council Hundred and Twentieth Session, Rome, Italy, 18-23 June 2001 
(http://www.fao.org) 
FAO (2005) FAOSTAT-Agriculture (in Statistical Databases) at FAO website 
http://www.fao.org (or link http://faostat.fao.orglfaostatlcollections?subset=agriculture ) 
Fettig S, Hess D (1999) Expression of a chimeric stilbene synthase gene in transgenic 
wheat lines. Transgenic Research 8: 179-189 
Filichkin SA and Gelvin SB (1993) Formation of a putative relaxation intermediate 
during T-DNA processing directed by the Agrobacterium tumefaciens VirDl, D2 
endonuclease. Mol. Microbiol. 8: 915-926 
Flavell RH, Bennett MD, Seal AG, Hutchinson J (1987) Chromosome structure and 
organisation. In: Lupton FGH (ed) Wheat Breeding. University Press, Cambridge, pp 211-
262 
Fraley RT, Dellaporta SL,and Papahadjopoulos D (1982) Liposome-mediated delivery 
of tobacco mosaic virus RNA into tobacco protoplasts: a sensitive assay for monitoring 
liposome-protoplast interactions. Proc. Natl. Acad. Sci. USA 79: 1859-1863 
Fromm ME, Taylor LP and Walbot V (1986) Stable transformation of maize after gene 
transfer by electroporation. Nature 319: 791-793 
Fromm ME, Morrish F, Armstrong C, Williams R, Thomas J, Klein TM (1990) 
Inheritance and expression of chimeric genes in the progeny of transgenic maize plants. 
Biorrechnology 8: 833-839 
149 
References 
Gale MD, Miller TE (1987) The introduction of alien genetic variation in wheat. In: 
Lupton FGH (ed) Wheat Breeding. University Press, Cambridge, pp 173-210 
George EF (1993) Plant propagation by tissue culture: Part I The technology (2nd Edition) 
Exegetics Limited, pp 25-66 
Gianessi LP, Silvers CS, Sankula S, Carpenter JE (2002) Plant biotechnology: current 
and potential impact for improving pest management in us agriculture: an analysis of 40 
case studies. National Center for Food and Agricultural Policy, USA 
Goodman RM, Hauptli H, Crossway A, Koauf VC (1987) Gene transfer in crop 
improvement. Science 236:48-54. 
Goff SA, K1ein TM, Roth BA, Fromm ME, Cone KC, Radicalle JP, Chandler VL 
(1990) Transactivation of anthocyanin biosynthetic genes following transfer of B 
regulatory genes into maize tissues. EMBO Journal 9: 2517-2522 
Gordon-Kamm WJ, Spencer TM, Mangano ML, Adams TR, Daines RJ, Start WG, 
O'Brien JV, Chambers SA, Adams WR Jr, Willetts NG, Rice TB, Mackey CJ, 
Krueger RW, Kausch AP, Lemaux PG (1990) Transformation of maize cells and 
regeneration of fertile transgenic plants. Plant Cell 2: 602-618 
Gould J, Devery M, Hasegawa 0, unan EC, Peterson G, Smith RH (1991) 
Transformation of Zea mays L. using Agrobacterium tumefaciens and the shoot apex. 
Plant Physiology 95: 426-434 
Guo GQ, Maiwald F, Lorenzen P, Steinbiss HH (1998) Factors influencing T-DNA 
transfer into wheat and barley cells by Agrobacterium tumefaciens. Cereal Research 
Communications 26: 15-22 
Haecius B (1978) Question of unicellular origin of non-zygotic embryos in callus cultures. 
Phytomorphology 28: 74-81 
Harvey A, Moisan L, Lindup S, Lonsdale D (1999) Wheat regenerated from scutellum 
callus as a source of material for transformation. Plant Cell Tissue and Organ Culture 57: 
153-156 
Harwood WA, Ross SM, Cilento P, Snape JW (2000) The effect of DNA/gold particle 
preparation technique and particle bombardment device on the transformation of barley 
(Hordeum vu/gore). Euphytica 111: 67-76 
Haseloff J, Amos B (1995) GFP in plants. Trends in Genetics 11: 328-329 
He GY, Lazzeri PA (1998) Analysis and optimisation of DNA delivery into wheat 
scutellum and tritordeum inflorescence explants by tissue electroporation. Plant Cell 
Reports 18: 64-70 
Heim R, Cubitt AB, Tsien RY (1995) Improved green fluorescence. Nature 373: 663-664 
150 
References 
Hellens RP and Mullineaux PM (2000) A guide to Agrobacterium binary Ti vectors. 
Trents Plant Sci. 5: 446-451 
Hiei Y, Obta S, Komari T, Kumasbiro T (1994) Efficient transformation of rice (Oryza 
sativa L.) mediated by Agrobacterium and sequence analysis of the boundaries of the T-
DNA. Plant J. 6: 271-282 
Hoekema A, Hinch PR, Hooykaas PJJ, Schilperoort RA (1983) A binary vector 
strategy based on separation of vir- and T -region of the Agrobacterium tumefaciens Ti-
plasmid. Nature 303: 179-180 
Hood EE, Helmer GL, Fraley RT, Cbilton MD (1986) The hypervirulence of 
Agrobacterium tumefaciens A281 is encoded in a region of pTiB0542 outside of T -DNA. 
Journal of Bacteriology 168:1291-1301 
Honch RH, Fraley RT, Rogen SG, Sanders PR, Lloyd A, Horrmann N (1984) 
Inheritance of functional genes in plants. Science 223: 496-498 
Honch RH, Fry JE, Horrmann NL, Eicbboltz D, Gogers SG, Fraley RT (1985) A 
simple and general method for transferring genes into plants. Science 227: 1129-1231 
Howard E and Citovsky V (1990) The emerging structure of the Agrobacterium T-DNA 
transfer complex. BioEssays 12: 1 03-108). 
Hu H, Tao YZ, Wang G (1988) Creating new types of wheat via anther culture. In: 
Miller TE, Koebner RMD (eds) Proc t h Int Wheat Genet Symp. Institute of Plant Science 
Research, Cambridge, pp 1101-1104 
Hu W, Cbeng CL (1995) Expression of Aequorea green fluorescent protein in plant cells. 
FEBS Letters 369: 331-334 
Hunold R, Bronner R, Habne G (1994) Early events in microprojectile bombardment: 
cell viability and particle location. Plant Journal 5: 593-604 
Ingram HM, Livesey NL, Power JB, Davey MR (200 I) Genetic transformation of 
wheat: progress during the 1990s into the Millennium. Acta Physiologiae Plantarum 23: 
221-239 
laze D, Follin A, Van Lijsebettens J, Simoens C, Genetello C, Van Montagu M and 
Schell J (1984) Genetic analysis of the individual T-DNA genes of Agrobacterium 
tumefaciens: further evidence that two genes are involved in indole-3-acetic acid 
synthesis. Mol. Gen. Genet. 194: 265-274 
Iser M, Fettig S, Scheyhing F, Viertel K, Hess D (1999) Genotype-dependent stable 
genetic transformation in German spring wheat varieties selected for high regeneration 
potential. Journal of Plant Physiology 154: 509-516 
Isbida Y, Saito H, Obta S, Hiei Y, Komari T, Kumashiro T (1996) High efficiency 
transformation of maize (Zea mays L.) mediated by Agrobacterium tumefaciens. Nature 
Biotechnology 14: 745-750 
151 
References 
Jang IC, Nahm BH, Kim JK (1999) Subcellular targeting of green fluorescent protein to 
plastids in transgenic rice plants provides a high-level expression system. Molecular 
Breeding 5: 453-461 
Jefferson RA, Kavanagh TA and Bevan MW (1987) GUS fusions: J3-glucuronidase as a 
sensitive and versatile gene fusion marker in higher plants. EMBO J. 6: 3901-3907 
Jiang J, Friebe B and Gill BS (1994) Recent advances in alien gene transfer in wheat. 
Euphytica 73: 199-212 
Jin S, Komari T, Gordon MP, and Nester EW (1987) Genes responsible for the 
supervirulence phenotype of Agrobacterium tumefaciens A281. J. Bacteriol. 169: 4417-
4425 
Jordan MC (2000) Green fluorescent protein as a visual marker for wheat transformation. 
Plant Cell Reports 19: 1069-1075 
Karunaratne S, Sohn A, Mouradov A, Scott J, Steinbiss HH, Scott KJ (1996) 
Transformation of wheat with the gene encoding the coat protein of barley yellow mosaic 
virus. Australian Journal of Plant Physiology 23: 429-435 
Kaul LH (1988) Male sterility in higher plants. Kaul LH (ed) Spinger-Verlag, Berlin, 
Heidelberg, New York, London, Paris, Tokyo, ppI76-186; 551-600 
Ke XV, Ch en DF, Huang Y, Shi HP, Elliott MC, Li BJ (1997) Commercial wheat 
transformed by electroporation of immature embryos. Biotechnology & Biotechnological 
Equipment 11: 28-31 
Klein TM, Wolff ED, Wu R, Sanford JC (1987) High velocity microprojectiles for 
delivering nucleic acids into living cells. Nature 327: 70-73 
Klein TM, Gradziel T, Fromm ME, Sanford JC (1988) Facters influencing gene 
delivery into Zea Mays cells by high-velocity microprojectiles. BiolTechnology 6: 559-
563 
Komari T (1989) Transformation of callus cultures of nine plant species mediated by 
Agrobacterium. Plant Sci. 60: 223-229 
Komari T (1990) Transformation of cultured cells of Chenopodiun quinoa by binary 
vectors that carry a fragment of DNA from the virulence region of pTiB0542. Plant Cell 
Rep. 9: 303-306 
Lapitan NL V, Sears RG, Gill BS (1984) Translocations and other karyotypic structural 
changes in wheat x rye hybrids regenerated from tissue culture. Theor Appl Genet 68: 
547-554 
Last CL, Brettell RIS, Chamberlain DA, Chaudhury AM, Larkin PJ, Marsh EL, 
Peacock AJ and Dennis ES (1991) pEMU: a improved promoter for gene expression in 
cereal cells. Theor Appl Genet 81: 581-588 
152 
References 
Law CN, Snape JW, Worland AJ (1987) Anenploidy in wheat and its uses in genetic 
analysis. In: Lupton FGH (ed) Wheat Breeding. University Press, Cambridge, pp 71-107 
Leckband G, Lorz H (1998) Transfonnation and expression of a stilbene synthase gene 
of Vitis vinifera L. in barley and wheat for increased fungal resistance. Theor Appl Genet 
96: 1004-1012 
Lonsdale DM, Moisan LJ, Harvey AJ (1995) pFCl to 7: A novel family of 
combinatorial cloning vectors. Plant Molecular Biology Reporter 13: 342-345 
Lonsdale DM, Moisan LJ, Harvey AJ (1998a) The effect of altered codon usage on 
luciferase activity in tobacco, maize and wheat. Plant Cell Reports 17: 396-399 
Lonsdale OM, Lindup S, Moisan LJ, Harvey AJ (I 998b ) Using firefly luciferase to 
identify the transition from transient to stable expression in bombarded wheat scutellar 
tissue. Physiol Plant 102: 447-453 
LOrz H, Baker 8 and Schell J (1985) Gene transfer to cereal cells mediated by protoplast 
transfonnation. Molec. Gen. Genet. 199: 178-182 
Ludwig SR, Habera LF, Oellaporta SL, Wessler SR (1989) A regulatory gene as a 
novel visible marker for maize transfonnation. Proc Natl Acad Sci USA 86: 7092-7096 
Machii H, Mizuno H, Hirabayashi T, Li H, Hagio T (1998) Screening wheat genotypes 
for high callus induction and regeneration capability from anther and immature embryo 
cultures. Plant Cell Tissue and Organ Culture 53: 67- 74 
Magnusson I and Bornman CH (1985) Anatomical observations on somatic 
embryogenesis from scutellar tissues of immature zygotic embryos of Triticum aestivum. 
Physiol. Plant 63: 137-145 
Meinke OW (1991) Perspectives on genetic analysis of plant embryogenesis. The Plant 
Cell 3: 857-866 
Mentewab A, Letellier V, Marque C, Sarrafi A (1999) Use of anthocyanin biosynthesis 
stimulatory genes as markers for the genetic transformation of haploid embryos and isolated 
microspores in wheat. Cereal. Res. Comm. 27: 17-24 
McCormac AC, Elliott MC, Chen DF (1997) pBECKS: a flexible series of binary vectors 
for Agrobacterium-mediated plant transfonnation. Molecular Biotechnology 8: 199-213 
McCormac AC, Wu H, Bao M, Wang VB, Xu R, Elliott MC, Chen OF (1998a) The use 
of visual marker genes as cell-specific reporters of Agrobacterium-mediated T -DNA 
delivery to wheat (Triticum aestivum L.) and barley (Hordeum vulgare L.). Euphytica 99: 17-
25 
McCormac AC, Elliott MC, Chen OF (1998b) A simple method for the production of 
highly competent cells of Agrobacterium for transfonnation via electroporation. Molecular 
Biotechnology 9: 155-159 
153 
References 
Mudge SR, Bircb RG (1998) T-DNA tagging and characterisation of a novel meristem-
specific promoter from tobacco. Australian Journal of Plant Physiology 25: 637-643 
Murakami T, Anzai H, Imai S, Satob A, Nagaoka K, Tbompson CJ (1986) The 
bialaphos biosynthetic genes of Streptomyces hygroscopicus: Molecular cloning and 
characterization of the gene cluster. Mol Gen Genet 205: 42-50 
Murasbige T, Skoog F (1962) A revised medium for rapid growth and bioassays with 
tobacco tissue cultures. Physiol. Plant 15: 473-497 
Murray HG, Tbompson WF (1980) Rapid isolation of high molecular weight plant 
DNA. Nucleic Acids Research 8: 4321-4326 
Mysore KS, Nam J, Gelvin SB (2000) An Arabidiosis histone H2A mutant is deficent in 
Agrobacterium T -DNA integration. Proc. Natl. Acad. Sci. USA 97: 948-953 
Nagauni N, Takumi S, Tomiyama M, Shimada T, Tamiya E (1997) Semi-real time 
imaging of the expression of a maize polyubiquitin promoter-GFP gene in transgenic rice. 
Plant Science 124: 49-56 
Nebra NS, Cbibbar RN, Leung N, Caswell K, Mallard C, Steinhauer L, Baga M, 
Kartha KK (1994) Self-fertile transgenic wheat plants regenerated from isolated scutellar 
tissues following microprojectile bombardment with two distinct gene constructs. Plant J. 
S: 285-297 
Newell CA (2000) Plant transformation technology - Developments and applications. 
Molecular Biotechnology 16: 53-65 
Niedz RP, Sussman MR, Satterlee JS (1995) Green fluorescent protein: an in vivo 
reporter of plant gene expression. Plant Cell Reports 14: 403-406 
Ortiz JPA, Reggiardo MI, Ravizzini RA, Altabe SG, Cervigni GDL, Spitteler MA, 
Morata MM, Elias FE, Vallejos RH (1996) Hygromycin resistance as an efficient 
selectable marker for wheat stable transformation. Plant Cell Reports IS: 877-881 
Ow DW, Wood KV, DeLuca M, de Wet JR, Helinski DR, Howell SH (1986) Transient 
and stable expression of the firefly luciferase gene in plant cells and transgenic plants. 
Science 234: 856-859 
Ozias-Akins P, Vasil IK (1982) Plant regeneration from cultured immature embryos and 
inflorescences of Triticum aestivum L. (wheat): evidence for somatic embryogenesis. 
Protoplasma 110: 95-105 
Ozias-Akins P, Vasil IK (1983) Improved efficiency and normalization of somatic 
embryogenesis in Triticum aestivum L. (wheat). Protoplasma 117: 40-44 
Pang SZ, DeBoer DL, Wan Y, Ye G, Lay ton JG, Neber MK, Armstrong CL, Fry JE, 
Hincbee MAW, Fromm ME (1996) An improved green fluorescent protein gene as a 
vital marker in plants. Plant Physiol. 112: 893-900 
154 
References 
Pastemak TP, Rudas VA, Lorz H, Kumlehn J (1999) Embryogenic callus formation 
and plant regeneration from leaf base segments of barley (Hordeum vulgare L.). Journal of 
Plant Physiology 155: 371-375 
Peng JR, Richards DE, Hartley NM, Murphy GP, Devos KM, Flintham JE, Beales J, 
Fish LJ, Worland AJ, Pelica F, Sudhakar D, Christou P, Snape JW, Gale MD, 
Harberd NP (1999) 'Green revolution' genes encode mutant gibberellin response 
modulators. Nature 400 (6741): 256-261 
Potrykus I (1990) Gene transfer to cereals: an assessment. Biotechnology 9: 535-542 
Prasher DC, Eckenrode VK, Ward WW, Prendergast FG, Cormier MJ (1992) 
Primary structure of the Aequora victoria green-fluorescent protein. Gene HI: 229-233 
Pukhalskii V A, Smimov SP, Korostyleva TV, Bilinskaya EN, Eliseeva AA (1996) 
Genetic transformation of wheat (Triticum aestivum L.) by Agrobacterium tumefaciens. 
Genetika 32: 1596-1600 
Raemakers CJJM, Jacobsen E, Visser RGF (1995) Secondary somatic embryogenesis 
and applications in plant breeding. Euphytica 81: 93-107 
Reichel e, Mathur J, Eckes P, Langenkemper K, Koncz C, Schell J, Reiss B, Maas C 
(1996) Enhanced green fluorescence by expression of an Aequora victoria green 
fluorescent protein mutant in mono- and dicotyledonous plant cells. Proc NatI Acad Sci 
USA 93: 5888-5893 
Rhodes CA, Pierce DA, Mettler IJ, Mascarenhas D, Detmer JJ (1988) Genetically 
transformed maize plants from protoplasts. Science 240: 204-207 
Riley R, Chapman V, Johnson R (1968) Introduction of yellow-rust resistance of 
Aegi/ops comosa into wheat by genetically induced homoeologous recombination. Nature 
217: 383-384 
Rooke L, Bekes F, Fido R, Barro F, Gras P, Tatham AS, Barcelo P, Lazzeri P, 
Shewry PR (1999) Overexpression of a gluten protein in transgenic wheat results in 
greatly increased dough strength. Journal of Cereal Science 30: 115-120 
Rossi L, Hohn Band Tinland B (1996) Integration of complete T -DNA units is 
dependent on the activity of VirE2 protein of Agrobacterium tumefaciens. Proc. Natl. 
Acad. Sci. U.S.A. 93: 126-130 
Sambrook J, Fritsch EF, Maniatis T (1989) Molecular Cloning: A Laboratory Manual. 
Cold Spring Harbor Press, Cold Spring Harbor, NY 
SchrDder G, Waffenschmidt S, Weiler EW and Schrlider J (1984) The T-region of Ti 




Sears ER (1956) The transfer of leaf rust resistance from Aegi/ops umbellulata to wheat. 
Brookhaven Symp. BioI. 9: 1-21 
Sears ER (1981) Transfer of alien genetic material to wheat. In: Evans LT, Peacock W J 
(eds) Wheat Science - Today and Tomorrow. Cambridge University Press, Cambridge, 
pp75-89 
Serik 0, Ainur I, Murat K, Tetsuo M, Masaki I (1996) Silicon carbide fiber-mediated 
DNA delivery into cells of wheat (Triticum aestivum L.) mature embryos. Plant Cell 
Reports 16: 133-136 
Sheen J, Hwang S, Niwa Y (1995) Green-fluorescent protein as a new vital marker in 
plant cells. The Plant JournalS: 777-784 
Sheng J, Citovsky V (1996) Agrobacterium-plant cell DNA transport: Have virulence 
proteins, will travel. Plant Cell 8: 1699-1710 
Shewry PR, Tatham AS, Barro F, Barcelo P, Lazzeri PA (1995) Biotechnology of 
breadmaking: unraveling and manipulation the mUlti-protein gluten complex. 
Bioffechnology 13: 1185-1190 
Shi M and Oeng J (1986) The discovery, determination and utilisation of the Hubei 
photosensitive genetic male-sterile rice (Oryza sativa L. japonica). Acta Genetica Sinica 
13: 107-112 
Shimamoto K, Terada R, Izawa T, Fujimoto H (1989) Fertile transgenic rice plants 
regenerated from transformed protoplasts. Nature 338: 274-276 
Shimoni Y, Blechl AE, Anderson 00, Galili G (1997) A recombinant protein of two 
high molecular weight glutenins alters gluten polymer formation in transgenic wheat. 
Journal of Biological Chemistry 272: 15488-15495 
Sorokin AP, Ke XV, Chen OF, Elliott MC (2000) Production of fertile transgenic wheat 
plants via tissue electroporation. Plant Science 156: 227-233 
Southern EM (1975) Detection of specific sequences among DNA fragments separated 
by gel electrophoresis. J Mol Bioi 98: 503-517 
Stachel SE, Messens E, Van Montago M, Zambryski P (1985) Identification of the 
signal molecules produced by wounded plant cells that activated T-DNA transfer in 
Agrobacterium tumefaciens. Nature 318: 624-629 
Stachel SE, Nester EW (1986) The genetic and transcriptional organization of the vir 
region of the A6 Ti plasmid of Agrobacterium tumefaciens. EMBO JournalS: 1445-1454 
Stachel SE, Timmerman B, Zambryski P (1986) Generation of single-stranded T -DNA 
molecules during the initial-stages ofT-DNA transfer from Agrobacterium tumefaciens to 
plant cells. Nature 322: 706-712 
156 
References 
Stache) SE and Zambryski PC (1986) virA and virG control the plant-induced activation 
of the T-DNA transfer process of A. tumeJaciens. Cell 46: 325-333 
Stoger E, WiIliams S, Keen D, Cbristou P (1998) Molecular characteristics of transgenic 
wheat and the effect on transgene expression. Transgenic Research 7: 463-471 
Stoger E, Williams S, Christou P, Down RE, Gatehouse JA (1999) Expression of the 
insecticidal lectin from snowdrop (Galanthus nivalis agglutinin; GNA) in transgenic wheat 
plants: effects on predation by the grain aphid Sitobion avenae. Molecular Breeding 5: 65-
73 
Tachibana K, Watanabe T, Sekizawa T, Takemutsu T (1986) Action mechanism of 
bialaphos. 11. Accumulation of ammonia in plants treated with bialaphos. J Pest Sci 11: 33-
37 
Takumi S, Shimada T ( 1997) Variation in transformation frequencies among six 
common wheat cultivars through particle bombardment of scutellar tissues. Genes & 
Genetic Systems 72: 63-69 
Tao YZ and Hu H (1989) Recombination of R-D chromosome in pollen plants cultured 
from hybrids of 6x triticale x common wheat. Theor Appl Genet 77: 899-904 
Thomashow LS, Reeves Sand Thomashow MF (1984) Crown gall oncogenesis: 
evidence that a T-DNA gene form the Agrobacterium Ti plasmid pTiA6 encodes an 
enzyme that catalyses synthesis of indoleacetic acid. Proc. Natl Acad. Sci. USA 81: 5071-
5075 
Thompson CJ, Movva NR, Tizard R, Crameri R, Davies JE, Lauwereys M, 
Botterman J (1987) Characterization of the herbicide-resistance gene bar from 
Streptomyces hygroscopicus. EMBO J 6: 2519-2523 
Tingay S, McElroy D, Kalla R, Fieg S, Wang M, Thornton S, Brettell R (1997) 
Agrobacterium tumeJaciens-mediated barley transformation. Plant 1. 11: 1369-1376 
Tinland B, Hohn Band Puchta H (1994) Agrobacterium tumeJaciens transfers single-
strande transferred DNA (T -DNA) into the plant cell nucleus. Proc. Natl. Acad. Sei. 
U.S.A. 91: 8000-8004 
Tinland 8 (1996) The integration ofT-DNA into plant genomes. Trends Plant SeL 1: 178-
184 
Topfer R, Prols M, Schell J, Stein bib H-H (1988) Transient gene expression in tobacco 
protoplasts. 2. Comparison of the reporter gene systems for CAT, NPTII and GUS. Plant 
Cell Reports 7: 225-228 
Toriyama K, Arimoto Y, Uchimiya H, Hinata K (1988) Transgenie rice plants after 
direct gene transfer into protoplasts. Biorrechnology 6: 1072-1074 
UN Report (2005) The millennium development goals report 2005. FAO website 
http://www.fao.org (or link http://www.fao.orgles/ess/faostatlfoodsecurity/index en.htm) 
157 
References 
Vain P, McMullen MD, Finer JJ (1993) Osmotic treatment enhances particle 
bombardment-mediated transient and stable transformation of maize. Plant Cell Reports 
12: 84-88 
Vain P, Worland B, Kohli A, Snape JW, Christou P (1998) The green fluorescent 
protein (GFP) as a vital screenable marker in rice transformation. Theor Appl Genet 96: 
164-169 
van der Geest AHM, Petolino JF (1998) Expression of a modified green fluorescent 
protein gene in transgenic maize plants and progeny. Plant Cell Reports 17: 760-764 
Vasil V, Redway F, Vasil IK (1990) Regeneration of plants from embryogenic 
suspension-culture protoplasts of wheat (Triticum aestivum L). Bio/Technology 8: 429-
434 
Vasil V, Castillo AM, Fromm ME, Vasil IK (1992) Herbicide resistant fertile transgenic 
wheat plants obtained by microprojectile bombardment of regenerable embryogenic 
callus. BiolTechnology 10: 667-674 
Vasil V, Srivastava V, Castillo AM, Fromm ME, Vasil IK (1993) Rapid production of 
transgenic wheat plants by direct bombardment of cultured immature embryos. 
BiolTechnology 11: 1553-1558 
Vauterin M, Frankard V, Jacobs M (2000) Functional rescue of a bacterial dapA 
auxotroph with a plant cDNA library selects for mutant clones encoding a feedback-
insensitive dihydrodipicolinate synthase. Plant Journal 21: 239-248 
Veluthambi K, Gupta AK, Sharma A (2003) The current status of plant transformation 
Technologies. Current Science 84: 368-380 
Wan Y, Lemaux PG (1994) Generation of large numbers of independently transformed 
fertile barley plants. Plant Physiol. 104: 37-48 
Wang K, Herrera-Estrella L, Van Montagu M and Zambryski P (1984) Right 25bp 
terminus sequence of the nopaline T-DNA is essential for and determines direction of 
DNA transfer from Agrobacterium to the plant genome. Cell 38: 455-462 
Wang K, Stachel SE, Timmerman H, Van Montagu M and Zambryski PC (1987) 
Site-specific nick in the T-DNA border sequence as a result of Agrobacterium vir gene 
expression. Science 235:587-591 
Wang S, Hazelrigg T (1994) Implications for bcd mRNA localization from spatial 
distribution of exu protein in Drosophila oogenesis. Nature 369: 400-403 
Wang XZ, Hu H (1985) The chromosome constitution of plants derived from pollen of 
hexaploid triticale x common wheat F 1 hybrid. Theor Appl Genet 70: 92-96 
158 
References 
Wang VB, Hu H, Snape JW (1996) The genetic and molecular characterization of 
pollen-derived plant lines from octoploid triticale x wheat hybrids. Theor Appl Genet 92: 
811-816 
Weeks JT, Anderson OD, Blechl AE (1993) Rapid production of multiple independent 
lines of fertile transgenic wheat (Triticum aestivum). Plant Physiol. 102: 077-1084 
Weir D, Gu X, Wang M, Upadhyaya N, Elliott AR, and Brettell RIS (2001) 
Agrobacterium tumefaciens-mediated transformation of wheat using suspension cells as a 
model system and green fluorescent protein as a visual marker. Aust. J. Plant Physiol. 28: 
807-818 
Williams EG, Maheswaran G (1986) Somatic embryogenesis: factors influencing 
coordinated behaviour of cells as an embryogenic group. Annals of Botany 57: 442-462 
Witrzens B, Brettell RIS, Murray FR, McElroy D, Li ZY, Dennis ES (1998) 
Comparison of three selectable marker genes for transformation of wheat by 
microprojectile bombardment. Australian Journal of Plant Physiology 25: 39-44 
Wright M, Dawson J, Dunder E, Suttie J, Reed J, Kramer C, Chang Y, Novitzky R, 
Wang H, Artim-Moore L (2001) Efficient biolistic transformation of maize (Zea mays 
L.) and wheat (Triticum aestivum L.) using the phosphomannose isomerase gene, pmi, as 
the selectable marker. Plant Cell Rep 20: 429-436 
Wu HX, McCormac AC, Elliott MC, Chen DF (1998) Agrobacterium-mediated stable 
transformation of cell suspension cultures of barley (Hordeum vulgare). Plant Cell Tissue 
and Organ Culture 54: 161- 171 
Xu XP, Huang Y, Wei JW, Li DJ (1998) Efficient expression of green fluorescent 
protein gene in rice cells. Acta Botanica Sinica 40: 91-95 
Ye GN, Stone D, Pang SZ, Creely W, Gonzalez K, Hinchee M (1999) Arabidopsis 
ovule is the target for Agrobacterium in planta vacuum infiltration transformation. The 
Plant Journal 19: 249-257 
Yusibov VM, Steck TR, Gupta V and Gelvin SB (1994) Association of single-stranded 
transferred DNA from Agrobacterium tumefaciens with tobacco cells. Proc. Natl. Acad. 
Sci. U.S.A. 91: 2994-2998 
Zhang HM, Yang H, Rech EL, Golds TJ, Davis AS, Mulligan BJ, Cocking EC, Davey 
MR (1988) Transgenic rice plants produced by electroporation-mediated plasmid uptake 
into protoplasts. Plant Cell Reports 7: 379-384 
Zhang J, Xu RJ, Elliott MC, Chen DF (1997) Agrobacterium-mediated transformation 
of elite indica and japonica rice cultivars. Molecular Biotechnology 8: 223-231 
Zhang W, Wu R (1988) Efficient regeneration of transgenic plants from rice protoplasts 




Zupan JR, Zambryski P (1995) Transfer of T -DNA from Agrobacterium to the plant 
cell. Plant Physiology 107: 1041-1047 
Zupan JR, Zambryski P (1997) The Agrobacterium DNA transfer complex. Critical 
Reviews in Plant Sciences 16: 279-295 
Zupan JR, Ward D and Zambryski P (1998) Assembly of the VirB transport complex 
for DNA transfer from Agrobacterium tumefaciens to plant cells. Curr. Opin. Microbiol. 1: 
649-655 
Zupan JR, Muth TR, Draper 0, Zambryski P (2000) The transfer of DNA from 
Agrobacterium tumefaciens into plants: a feast of fundamental insights. Plant J. 23: 11-28 
160 
